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Abstract 
Marine unconsolidated sediments constitute the largest ecosystems on earth in terms of spatial coverage, 
but there are still critical gaps in the science required to support conservation and ecosystem-based 
management. This is mainly due to the inaccessibility of these ecosystems in wave-exposed environments or 
deeper waters and the difficulty in observing biota in their three-dimensional sedimentary habitat. Currently, 
the physical driving processes of intertidal unconsolidated sediment ecosystems are much better understood 
than those of the subtidal ecosystems. However, these ecosystems are linked through water and sediment 
movement. This thesis, therefore, considers the continuum of unconsolidated sediment ecosystems across 
the entire continental shelf (i.e. intertidal to the shelf edge). 
The aim of this thesis was two-fold; (i) to advance the foundational understanding of biodiversity patterns 
and driving processes in unconsolidated sediment habitats, and (ii) to apply this knowledge in the 
development of a systematic conservation plan for marine unconsolidated sediment ecosystems. The South 
African west coast continental shelf was used as a case study in order to represent Eastern boundary 
upwelling regions. This study sought to investigate biodiversity patterns in macro-infaunal communities and 
determine their driving processes for incorporation into habitat classifications and the development of a 
habitat map. Systematic conservation plans require a map of biodiversity patterns and processes, and 
quantitative conservation targets to ensure representation of all biodiversity features including habitats.in 
marine protected areas. This thesis provided these key elements by classifying the unconsolidated sediment 
habitats and determining habitat-specific evidence-based conservation targets to support conservation of 
these important ecosystems. The application of these elements was then demonstrated in a systematic 
conservation plan for the unconsolidated sediment ecosystems of the South African west coast.  
Diversity patterns were examined using physical and macro-infauna data, ranging from the beach to the shelf 
edge (0-412 m). These data were analysed to develop two different habitat classifications, namely seascapes 
derived from geophysical and biophysical data, and biotopes derived from the combination of macro-infaunal 
and physical data. Multivariate analyses of 13 physical variables identified eight seascapes for the 
unconsolidated sediment samples from 48 sites on the South African west coast. These were based on depth, 
slope, sediment type, and upwelling-related processes (i.e. maximum chlorophyll concentration, sediment 
organic carbon content and austral summer bottom oxygen concentration). Latitude and bottom 
temperature were not considered major drivers of seascapes on the west coast because latitude closely 
reflected changes in upwelling-related processes and the temperature range was narrow across the shelf. 
This study revealed that productivity, a biophysical variable not usually included in geo-physical habitat 
classifications, played a significant role in the definition of seascapes on the South African west coast. It is 
therefore recommended that productivity be included in future seascape classifications to improve the utility 
of these classifications particularly in areas of variable productivity. Seascapes should, however, be tested 
against biological data to improve the understanding of key physical drivers of communities in 
unconsolidated sediment ecosystems.  
Macro-infaunal community distributions were determined along with their physical drivers for the 
unconsolidated sediments of the South African west coast. A total of 44 828 individuals from 469 taxa were 
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identified from 48 sites representing 46.2 m2 of seafloor. Seven distinct macro-infaunal communities were 
defined through multivariate analyses and their key characteristic and distinguishing species were identified. 
These communities reflected five depth zones across the shelf, namely beach, inner shelf (10-42 m), middle 
shelf (60-142 m), outer shelf (150-357 m) and shelf edge (348-412 m). The processes driving the community 
structure of these depth zones were postulated to be tides, wave turbulence, seasonal hypoxia, habitat 
stability and homogeneity, and internal tides and/or shelf break upwelling, with drivers listed in order of 
increasing influence with depth. The middle shelf was further separated into three distinct communities 
based on sediment type, sediment organic carbon content and frequency of hypoxia. Variations in water 
turbulence, sediment grain size, upwelling-related variables and riverine sediment input were identified as 
the likely primary drivers of macro-infaunal community patterns. This chapter culminated in the development 
of a biotope classification based on the combination of macro-infaunal communities and their physical 
habitats (i.e. biotopes).   
South Africa has developed an expert-derived National Marine and Coastal Habitat (SANMC) Classification 
System which is used as a biodiversity surrogate in ecosystem assessment and spatial planning. This thesis 
tested the validity of this classification and the data derived Seascape classification against macro-infauna 
species abundance and biomass data in an effort to determine how well the different classifications 
represent macro-infaunal diversity of the west coast. These two classifications were also compared to the 
Biotope classification which combines macro-infaunal communities with their physical habitats. A canonical 
analysis of principle coordinates (CAP) was utilised to test the success with which each sample was allocated 
to the relevant habitat type in each classification. The total allocation success for each classification was used 
as a measure of effectiveness in terms of representing biodiversity patterns. Both classifications had similar 
allocation successes of 89-92 % and 92-94 % for the Seascape and National Habitat Classification respectively, 
but either over- or under-classified the macrofauna communities. The Biotope classification had the highest 
allocation success (98 %), therefore it is the most accurate reflection of the macrofauna biodiversity patterns 
on the west coast. A key finding of this study was the increasing accuracy of classifications from physically- to 
expert- to biologically-derived habitat classifications. In this thesis, the Biotope classification was deemed the 
best representative of biodiversity patterns and was therefore used to produce the Biotope map for use in 
spatial assessment and planning.  
The distinct depth patterns that emerged in both the Seascape and Biotope classifications highlighted the 
need for further investigation of the relationship between depth and biodiversity. Despite variability in 
macro-infaunal communities, a general unifying pattern in biodiversity across the shelf was sought. Three 
relationships between depth and species richness have been described in the literature; namely a unimodal 
pattern, a positively linear relationship with depth, and no relationship between depth and species richness. 
These hypotheses were tested on the west coast. Two different species richness metrics were utilised to test 
the depth-diversity relationship, namely observed species density (spp.0.2m-2) and estimated species 
richness (spp.site-1). Observed species density increased from the beach to the shelf edge (350 m), then 
decreased to 412 m. The decline may have been due to difficulty in detecting species at greater depths as a 
result of sampling challenges. The inclusion of an innovative extrapolative method for estimating species 
richness (the capture-recapture heterogeneity model) within the Bayesian statistical framework mitigated 
the effects of species detection heterogeneity and revealed that species richness actually increased 
continuously across the shelf from beach to shelf edge. Thus the general relationship between depth and 
species richness is positively linear on the west coast of South Africa.  
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The new macro-infauna dataset and biotope map provided the opportunity to develop the first habitat-
specific evidence-based conservation targets for unconsolidated sediments of the west coast. Species-Area 
Relationship (SAR) based conservation targets were developed for the biotopes using a modification of the 
generally accepted methodology. The accepted methodology has three steps (i) the estimation of total 
species richness for each habitat using the Bootstrap asymptotic estimator, (ii) the calculation of the slope of 
the species area curve (i.e. the z-value), and (iii) the calculation of targets representing 80 % of the species. 
The inclusion of an innovative extrapolative species richness estimator, the Multi-species Site Occupancy 
Model (MSOM) provided better species richness estimation than the more conventional bootstrap species 
richness estimator, even though both are based on species accumulation. The MSOM, applied in the Bayesian 
statistical framework takes detectability of a species into account. The conservation targets derived were 
similar to those developed for marine unconsolidated sediment habitats elsewhere and ranged between 
10 % and 15 % with 95 % confidence. A 10 % conservation target is therefore recommended for data-poor 
habitats on the west coast, lending support to the fixed 10% marine protected area target proposed by the 
Convention on Biological Diversity. The median-value of conservation targets increased with depth reflecting 
the positively linear relationship between species richness and depth.  
The application of the targets and the biotope map was demonstrated by inclusion in the first systematic 
conservation plan for subtidal unconsolidated sediment ecosystems of the west coast. The aim was to 
identify biodiversity priority areas for inclusion in marine protected areas and to inform current and future 
spatial planning initiatives. The biotopes were included in the analysis as biodiversity features for which the 
derived targets were used. A socio-economic cost layer was produced to determine the cost of selecting each 
planning unit for inclusion in marine protected areas. Marxan, a conservation planning software, was used to 
determine the priority areas that minimised costs to users. The selection frequency map produced indicated 
that no planning units were irreplaceable (100% selection frequency) due to the high number of options 
available for selection. Seven biodiversity priority areas were defined using a threshold of a minimum of four 
adjacent planning units with selection frequencies > 30 % for potential inclusion in marine protected areas. 
These priority areas were driven by low cost, limited habitat extent and proximity to existing marine 
protected areas. Low cost areas are also likely to be in better ecological condition due to reduced threats 
associated with the reduced activities associated with low socio-economic cost. It may be concluded that the 
only the unconsolidated sediment habitats of limited extent and with few low cost options for selection are 
likely to drive the designation of marine protected areas. 
The findings of this thesis improve the understanding of the physical processes driving benthic macrofaunal 
community distributions across the entire shelf (beach to shelf edge) and advance the conceptual framework 
for unconsolidated sediment ecosystems. By incorporating relatively new statistical tools or approaches into 
existing methodologies, this thesis has introduced novel ways of dealing with the variation in detectibility of 
species due to sampling difficulties, a challenge which is common to benthic ecology. With many activities 
expanding into deeper waters, benthic ecologists require new approaches in order to provide robust 
scientific responses to management-related queries. This thesis provides foundational biodiversity 
information, advances ecological theory and demonstrates a practical application to inform conservation of 
the marine unconsolidated sediment ecosystems that provide important ecosystem services to South African 
society. 
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Definitions and terminology 
For the purposes of this thesis, “marine unconsolidated sediments” refers only to entirely marine, 
exclusively sediment systems, limited to the continental shelf including the shelf edge. It excludes 
estuaries, mangroves and mixed shores. Intertidal sandy beaches are long linear systems with a one-
sided connection to the ocean and extend from the spring tide high water mark to the spring tide low 
water mark. The subtidal neritic zone stretches from the low water mark to the edge of the 
continental shelf and is alternatively referred to as coastal waters (Fig. 1.1). The deep-sea 
encompasses the vast majority of unconsolidated sediments stretching from the shelf edge to the 
abyss. The figure below depicts the extents of the zones according to the terminology used in this 
thesis.  
‘Marine unconsolidated sediments’, ‘unconsolidated sediments’ and  ‘sediments’ are used 
interchangeably in this thesis, as are ‘macrofauna’ and ‘macro-infauna’, and  ‘intertidal’ and ‘sandy 
beach’ even though ‘intertidal’ generally encompasses many different habitats  including mixed 
shores and rocky shores. The terms ‘inshore’, ‘nearshore’, ‘surfzone’, ‘turbulent zone’ and ‘shallow 
subtidal’ all refer to the depth range between spring low water mark and 30 m depth. ‘Across-shore’ 
or ‘across-shelf’ refers to the shore normal direction from the beach to the shelf edge. ‘Along-shore’, 
whether intertidal or subtidal, refers to the shore-parallel direction. Also ‘pressure’ and ‘threat’ are 
used interchangeably in this thesis. 
 
 
Diagrammatic representation of the zones in the marine environment as a 
means of explaining the terminology used in this thesis.  
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Chapter 1: Introduction – the Paradigm 
Marine unconsolidated sediments constitute the largest benthic ecosystems on earth 
(Snelgrove 1997) and are represented throughout global ocean systems from the 
intertidal to the abyss including mud, sand, gravel and mixed sediment habitats. Our 
understanding of the ecology of unconsolidated sediment ecosystems varies according 
to its accessibility. Beaches, the most accessible, are relatively well-studied with a 
strongly supported conceptual model based on beach morphodynamic types 
(McLachlan et al. 1993, Defeo and McLachlan 2005, 2011). A similar conceptual model 
based on sediment stability, grain size and slope (i.e. the Wave Exclusion Hypothesis) 
has been proposed for the slightly less accessible shallow subtidal or wave turbulent 
zone (Paavo et al. 2011). However, the ecology of the much less accessible shelf and 
deep-sea sediment ecosystems (beyond the shelf break) are relatively poorly 
understood. Research in these deeper ecosystems is still mainly in the descriptive 
phase where biodiversity patterns are described and their driving processes identified 
(Gray 2001, Gage 2004, Post et al. 2006, Jayaraj et al. 2008, Joydas and Damodaran 
2009, Ingole et al. 2010, de Juan et al. 2013). Beaches, nearshore and shelf 
sediments have therefore often been studied as discrete units even though they are 
linked through water and sediment movement. With the expansion of human activities 
into deeper water comes the challenge of providing management recommendations for 
ecosystems that are not well understood. It therefore becomes necessary to focus 
research effort and conservation attention on these ecosystems. 
 
Sediments are less stable than rocky reef and provide a penetrable medium in which 
organisms are distributed in three-dimensional space (Gray 1981, Brown and 
McLachlan 1990). Organisms burrow in sediment but require access to the sediment 
surface for food, reworking the soil. Thus the upper layers of sediment are generally 
well oxygenated due to a reworking of sediment and direct connection with the water 
column in the benthic boundary layer, but oxygen concentrations decline in deeper 
sediment layers (Sanders 1968, Brown and McLachlan 1990). Sediments generally do 
not have large primary producers, with the exception of benthic microalgae in the 
shallow subtidal. These ecosystems rely on external sources of food, most frequently 
phytoplankton from the euphotic zone, but also feed on microbial mats that form on 
the seafloor surface (Gray 1981, Brown and McLachlan 1990, Grassle and Maciolek 
1992).   
 
The fauna that inhabit unconsolidated sediments include three size-related groups, 
namely macrofauna (trapped on 0.5-1 mm screens), meiofauna (passes through 0.5-
Chapter 1: Introduction 
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1 mm and trapped on 30-100 μm) and microscopic microfauna (Gray 1981, Brown 
and McLachlan 1990, Burd et al. 2008). However, the identification of meiofauna and 
microfauna require expertise that is not available in most parts of the world (Burd et 
al. 2008). Alternatively, macrofauna  have the highest biomass in marine sediments 
and are the easiest to identify (Burd et al. 2008), therefore they are most frequently 
utilised in studies of unconsolidated sediment ecosystems. Macro-infauna are also 
closely related to their physical sediment habitats (Gray 1981, Brown and McLachlan 
1990).  
 
Habitats are structured by water movement through the interplay between tides, 
waves and currents which are related to depth (Gray 1981, Brown and McLachlan 
1990). Tides operate in the intertidal subjecting the fauna to cycles of emersion and 
immersion (Brown and McLachlan 1990). Wave turbulence is a major feature of the 
nearshore or surfzone, reducing the stability of the sediment (Fleischack and de 
Freitas 1989). On the deeper shelf, currents tend to operate moving at different 
speeds and in different directions according to the topography and global circulation 
patterns (Shannon 1985). These different forms of water movement have led to the 
division of unconsolidated sediment ecosystem research by depth into sandy beach, 
surfzone and benthic ecology (Gray 1981, Brown and McLachlan 1990).  
 
The approach of this thesis is to incorporate the beach, nearshore and shelf sediment 
ecosystems into a single study. This is a rare approach that allows for a more 
integrated conceptual framework for understanding these ecosystems. Day et al. 
(1971) conducted a similar survey off the coast of North Carolina on a single transect, 
whereas this thesis attempts to sample a number of habitats from several 
approximate transects across the shelf.  
 
Below follows a brief and by no means comprehensive summary of the physical and 
biological processes that influence macro-infauna community patterns. Beaches, 
surfzones and shelf zones are generally studied as discrete units using different 
sampling methods, and will be dealt with separately in this section.  
Sandy beaches 
Beaches form part of the “littoral active zone” which stretches from the subtidal 
surfzone to the terrestrial dune areas (Brown and McLachlan 1990, Hesp 2012), 
although studies generally do not consider the beach and surfzone as a single 
ecosystem (Christie 1976, McLachlan et al. 1984, Paavo et al. 2011). Tides expose the 
beach, compacting the sediment, and subjecting fauna to high temperatures and 
Chapter 1: Introduction 
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periods of desiccation. Breaking waves wash up and down the beach (known as 
swash) making the sediment fluid and penetrable (Brown and McLachlan 1990). The 
type of sediment determines the amount of water retained in the sediment and the 
ease with which the sediment may be penetrated. Animals respond to this 
environment by being highly mobile so that they can take advantage of the waves and 
burrow rapidly into the sediment as waves retreat. Hence assemblages consist of large 
burrowers (e.g. Donax), surf-riders (e.g. Bullia) and swimmers (e.g. Eurydice)(Brown 
and McLachlan 1990).  
 
 
Figure 1.1: Examples of macrofauna inhabiting sandy beaches: (a) bivalve 
Donax, (b) gastropod Bullia, (c) isopod Eurydice and (d) polychaete Sigalion. 
 
Beach morphodynamic types are the physical classification of beach types based on 
swash characteristics such as sediment grain size, breaker height, wave period, beach 
slope (Short and Wright 1983, Brown and McLachlan 1990, McArdle and McLachlan 
1991) and tidal range (Short 1996). Two extreme beach types are reflective and 
dissipative (Short and Wright 1983) with four intermediate beach types. Reflective 
beaches are characterized by waves less than 1 m in height, steep beach faces (i.e. 
slopes of 1:15), swash periods of 11-13 seconds, wave period/swash period ratio of 
0.8 and medium to coarse sands (McArdle and McLachlan 1991). Dissipative beaches 
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are characterized by waves greater than 2.5 m in height, flat beach faces (i.e. slopes 
of 1:50-1:80), wave period/swash period ratio of 0.2 and fine to very fine sands. The 
intermediate beaches range between the two extremes above. Community patterns – 
i.e. species diversity and abundance – are inversely related to beach slope and 
sediment particle size (McLachlan et al. 1981). This led to the development of the 
Swash Exclusion Hypothesis (SEH) by McLachlan et al. (1993), which states: 
 
“…the swash climate associated with dissipative beaches is sufficiently  
accommodating and varied to enable virtually all macrofauna species 
encountered on exposed beaches to maintain viable populations, but, as beach 
type changes through intermediate states towards reflective conditions, the 
increasingly inhospitable swash climate excludes more and more species until, 
in the fully reflective situation, only supralittoral forms (talitrid amhipods, 
ocypodid crabs, insects), which live ‘outside’ the swash climate, remain.” 
(McLachlan et al. 1993) 
 
The SEH has been supported by a number of studies (Jaramillo and McLachlan 1993, 
Jaramillo et al. 2000, Degraer et al. 2003, Defeo and McLachlan 2005, McLachlan and 
Dorvlo 2005, Defeo and McLachlan 2011) and has become the accepted conceptual 
framework for sandy beach ecology (Fig. 1.2).  
 
 
Figure 1.2: A diagrammatic representation of the responses of macrofaunal 
communities to beach morphodynamic type. Adapted from Defeo and 
McLachlan (2005) and Harris (2012). 
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Biological interactions such as competition have also been observed in beach 
ecosystems (Fig. 1.1, Defeo and McLachlan 2005). These interactions are considered 
relatively unimportant in affecting community structure on reflective beaches where 
the harsh physical environment, low species richness and low abundance of 
macrofauna would prevent major biological interactions (Defeo and McLachlan 2005). 
On dissipative beaches, however, high species richness, high macrofaunal densities 
and the relatively stable sediment environment may result in biological interactions 
structuring communities in particular depth zones (Fig. 1.2). 
 
Three broad across-shore physical zones, to which communities respond, have been 
identified on beaches (Defeo and McLachlan 2005): (i) the supralittoral zone above the 
driftline consisting of air breathers; (ii) the littoral zone which extends from the 
driftline to the mid-shore; and (iii) the sublittoral fringe which extends from just above 
the effluent line (where the water table first intersects with the beach) to the surfzone. 
These zones are not fixed and may vary over time. Organisms inhabiting the sediment 
move up and down the beach with tides responding to their unique ecological 
envelopes (Dugan et al. 2013). 
 
Since beaches do not have attached primary producers, the organisms rely on 
external sources of organic matter, such as surf phytoplankton and algal wrack (Brown 
and McLachlan 1990). Surf diatom accumulations form the base of a very short food 
chain on beaches with sufficiently high wave energy (Odebrecht et al. in press). The 
presence of these accumulations have been related to beach slope and length, 
nutrient availability and surfzone circulation patterns (Odebrecht et al. in press). 
Phytoplankton blooms in upwelling regions also provide important organic matter to 
the beach supporting very high macrofauna biomass (Bally 1987). Food availability 
could therefore be considered a secondary driver of community patterns.  
Surfzone or Nearshore 
The surfzone or nearshore is defined as the shallow subtidal subject to wave 
turbulence between the low water mark of the intertidal and the 20-40 m depth 
contour (McLachlan et al. 1984, Fleischack and de Freitas 1989, Armonies et al. 
2013). It is the transition between the beach and the relatively stable shelf sediments. 
However sampling across this gradient has posed major challenges. The bucket and 
spade sampling typically used on beaches is ineffective and too risky. To employ large, 
heavy equipment from a ski-boat in wave-exposed environments is also risky and it is 
impossible to sample in such shallow water from larger research ships. Novel ways of 
sampling the surfzone have included grab sampling by helicopter (Field 1971) or using 
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a mechanised platform (Janssen et al. 2008), but the most widely used method 
includes divers sampling with cores (Paavo et al. 2011) or suction-samplers (Christie 
1976, McLachlan et al. 1984).  
 
Following on from investigations 30-40 years ago that first proposed relationships 
between diversity patterns and drivers (Christie 1976, McLachlan et al. 1984, 
Fleischack and de Freitas 1989), the last 10 years has seen renewed interest in 
nearshore benthic ecology. These recent investigations have also focused on exploring 
diversity patterns and identifying driving processes in the surfzone unconsolidated 
sediments (Laudien et al. 2006, Marin Jarrin 2007, Janssen et al. 2008, Paavo et al. 
2011, Armonies et al. 2013). They have mainly provided evidence supporting the 
postulations of earlier studies, and proposed a new conceptual model (Paavo et al. 
2011) 
 
An inshore zonation pattern was proposed by McLachlan et al. in 1984 by identifying 
the limits of macrofauna community distributions. This pattern constituted an inner 
and an outer turbulent zone with a transition zone between them (Fig. 1.3, McLachlan 
et al. 1984). The inner turbulent zone is between the low water mark and the wave 
break point around 5-8 m depth. The outer turbulent zone stretches from about 13 m 
depth to 20-40 m depths depending on the region. The transition zone is considered 
the area of overlap between the inner and outer turbulent zone species. This zonation 
was supported by studies elsewhere (Day et al. 1971, Field 1971, Christie 1976, 
McLachlan et al. 1984, Laudien et al. 2006, Armonies et al. 2013).  
 
Wave energy has been indicated as the universal driver of diversity with a decrease in 
wave action resulting in species richness increasing across the surfzone (Fleischack 
and de Freitas 1989). The decrease in wave action is reflected in the macrofauna that 
consists of large, mobile molluscs (e.g. Bullia) and suspension-feeding sea pens (e.g. 
Virgularia) in the shallower depths, and small burrowing molluscs (e.g. Tellina) and 
deposit-feeding polychaetes (e.g. Magelona) in the outer turbulent zone (Fig. 1.4). 
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Figure 1.3: Diagrammatic representation of physical zones across the 
surfzone (intertidal to 40 m depth) based on the distribution of biological 
communities (reproduced from McLachlan et al. 1984). 
 
 
 
 
Figure 1.4: Examples of macrofauna inhabiting the wave turbulent zone: (a) 
seapen Virgularia, (b) prawn Ogyrides, (c) polychaete Neptys and (d) 
polychaete Magelona. 
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Slope is a secondary driver of community structure. Paavo et al. (2011) indicated that 
adjacent nearshore areas with similar sediment, but different slope had different 
community composition and diversity. They proposed the Wave Exclusion Hypothesis 
(WEH) which suggests that sediment instability and turbulence selectively exclude 
macrofauna in the shallow subtidal (Paavo et al. 2011). Other topographical features 
such as gullies and sandbanks influence nearshore communities as they  harbour 
distinct communities (Moulaert et al. 2007, Janssen et al. 2008). Thus slope, wave 
turbulence, sediment stability, sediment type and topographical features structure 
nearshore communities. 
 
Due to the physical extremes, biological interactions such as competition and 
predation are not believed to play significant roles in structuring macrofauna 
communities in the nearshore. Weak competition within or between species may result 
in reduced growth rates (Grant 2000). So where species co-exist or populations are 
dense, growth rates are reduced resulting in smaller individuals (Grant 2000). 
Predation tends to reduce the local densities of organisms, but does not seem to have 
a major impact on community structure (Summerson and Peterson 1984). 
Shelf 
The shelf extends from the offshore extent of the wave turbulent nearshore zone to 
the shelf break covering a much larger area than either the beach or nearshore. The 
identification of biodiversity patterns across the shelf is made more complicated than 
for its shallow water counterparts as patterns tend to operate at a different scale. 
Unlike the beach and surf/nearshore areas which tend to operate over tens to 
hundreds of meters (perpendicularly to the coast), patterns across the shelf stretches 
for tens to hundreds of kilometres depending on the width of the shelf. Differences in 
sampling gear have further complicated benthic macrofaunal comparisons. The scale 
of benthic sampling may thus be quantified using the size of the sample (i.e. 
resolution), distance between samples (to avoid spatial autocorrelation) and the area 
encompassing the entire sample set (i.e. sampling scale, Hewitt et al. 1998, Parry et 
al. 2003, McArthur et al. 2010).  
 
The three main sampling methods for benthic macrofauna are dredge (large surface 
area with restricted depth), grab (defined surface area with variable depth up to 
approximately 10-15 cm) or core sampling (restricted surface area with greater depth 
of penetration). Hewitt et al. (1998) found that coarse resolution sampling (10s-100s 
of m by dredging or videography) led to a reduced number of correlations between 
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environmental variables and the biological data, but too fine a resolution of sampling 
(few cm, cores) led to noisy data hampering the ability to detect large-scale 
relationships. The medium resolution (grabs) represents a reasonable compromise 
between the two. In fact, at larger scales (>100 km), the impact of local 
heterogeneity may diminish revealing discernible broad-scale community patterns 
over any noise in the data (Fowler-Walker et al. 2005). Sampling scale therefore plays 
an important role in discerning large-scale processes versus small-scale processes 
operating on macrofauna communities.  
 
Despite these difficulties of scale, depth and sediment grain size are most frequently 
identified as drivers of subtidal benthic communities (Snelgrove and Butman 1994, 
Bergen et al. 2001, Currie et al. 2009, Cummings et al. 2010, Buhl-Mortensen et al. 
2012). Although sediment grain size is commonly singled out as the primary factor it 
is usually from studies using a limited depth range (Escobar Briones 2003, Post et al. 
2006, Moulaert et al. 2007). However when larger depth ranges were considered, 
depth was indicated as the more important variable, followed by sediment grain size 
(Bergen et al. 2001). Depth itself has no direct physiological impact on benthic 
organisms, but its correlates such as water movement, temperature, pressure, light 
availability and food supply have a significant impact on species distributions (Day et 
al. 1971, Grassle and Maciolek 1992). Thus depth ranges may coincide with thresholds 
of its correlates that cause specific responses from macrofauna.  
 
A number of mechanisms related to sedimentary variables influence macrofauna 
community and diversity patterns. These sediment variables are dependent on water 
movement (Brown and McLachlan 1990, Post et al. 2006). Water movement, in the 
form of tides, waves or currents, creates areas of high shear bed stress which 
mobilises seafloor sediments or low shear bed stress which allows for the deposition of 
sediments resulting in sediment distribution patterns across continental shelves (Post 
et al. 2006). Sediment type and mobility are therefore considered strong drivers of 
macrofaunal community distributions. 
  
Sediment types may differ in their penetrability and oxygenation. Muddy sediments 
are compacted and less permeable, often with an anoxic layer just below the sediment 
surface which very few species can tolerate (Sanders 1968). Sandy sediments in turn 
provide micro-habitats with greater permeability and so are better oxygenated. This 
provides a more suitable habitat for most species. The relationship between sediment 
type and macrofaunal species richness or community structure has been supported by 
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a number of studies (Field 1971, Bergen et al. 2001, Post et al. 2006, Joydas and 
Damodaran 2009, Ingole et al. 2010, de Juan et al. 2013, Dutertre et al. 2013). 
 
The deposition of terrigenous sediment from rivers may also have a significant impact 
on macrofauna community structure. Fine terrigenous mud deposited by rivers onto 
the continental shelf usually harbours a different community to that of fine biogenic 
sand (Wijsman et al. 1999, Dauvin et al. 2004, Steffani 2007). Under high 
sedimentation rates closest to the river mouth fauna are subjected to burial by fine 
terrigenous sediments resulting in a decline in species richness (Lohrer et al. 2004) 
and dominance by deposit-feeders (Wijsman et al. 1999). However, as sedimentation 
rates decrease with increasing distance from the river mouth species richness 
increases (Lohrer et al. 2004) and suspension-feeders dominate (Wijsman et al. 
1999). Benthic communities therefore respond differently to the gradient of 
sedimentation rates as distance from the river mouth increases.   
 
In upwelling areas, phytoplankton blooms result in organic loading of the sea surface. 
When these blooms die and sink, biogenic carbon is deposited onto the seafloor (Thiel 
1978). This enriches the sediment resulting in an increase in macrofauna biomass 
(Thiel 1978, Escobar Briones 2003) and decreased diversity as opportunistic species 
exploit the increased food availability (Quijon et al. 2008). However, in areas where 
deposited carbon cannot be consumed hypoxia or anoxia may develop (Sanders 1968, 
Grantham et al. 2004). Anoxia has resulted in low diversities and abundances, and 
variable biomass of macrofauna (Sanders 1968, Thiel 1978, Zettler et al. 2009, Ingole 
et al. 2010). These oxygen minima force intolerant species out of the sediment onto 
the surface (Montagna and Ritter 2006) leaving only the hypoxia tolerant species such 
as Nassariid whelks (Zettler et al. 2009, Hernandez-Miranda et al. 2012) and the 
polychaete Paraprionospio pinnata (Quiroga et al. 2007). Therefore upwelling-related 
productivity is also considered a key driver of benthic macrofaunal communities. 
 
Polychaetes, crustaceans and molluscs dominate the shelf sediments, but 
echinoderms, cnidarians, nematodes, nemerteans and sipunculids are also present in 
smaller numbers (Fig. 1.5, Day et al. 1971, Field 1971, Karakassis and Eleftheriou 
1997, Bergen et al. 2001, Ellingsen 2002, Jayaraj et al. 2008, Ingole et al. 2010, de 
Juan et al. 2013). These represent various feeding types including deposit-feeders, 
suspension-feeders and carnivores, and various modes of locomotion including 
burrowing, swimming or tube-dwelling (Gray 1981). Although it is likely that 
competition and predation may impact community structure at least at the micro-scale 
(centimetres to metres), competitive exclusion is not likely because these organisms 
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are not space limited (Summerson and Peterson 1984, Grant 2000). Growth rates are 
likely to be limited by intra-specific competition for food, but there are no cases of 
local extinction of infauna species (Grant 2000). 
 
 
Figure 1.5: Examples of macrofauna inhabiting the shelf habitats beyond the 
wave turbulent zone. These include Polychaeta (a) Syllis, (b) Diopatra and (c) 
Hydroides, Amphipoda (d) Leucothoe, (e) Ampelisca and (f) Hippomedon, 
Isopoda (g) Horoloanthura, (h) Cnidaria, (i) Desis (Pycnogonida), (j) Tanais 
(Tanaidacea),  (k) Ophiothrix (Echinodermata) and (l) Tellina (Mollusca). 
 
There is no universal conceptual framework describing the relationship between 
macrofaunal communities and key physical drivers as is the case for beach 
morphodynamic types. It would be useful to derive such a framework that integrates 
geological, oceanographic and biological processes across the entire shelf in order to 
predict macrofaunal community distributions. This would provide hypotheses for 
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testing and improving prediction. In this thesis, the relationship between depth and 
species richness was investigated to enhance the paradigm in benthic ecology. 
Relationship between depth and species richness across the continental 
shelf 
 
The depth-diversity debate has been ongoing for more than 50 years (Sanders 1968, 
Abele and Walters 1979, Gray 1994, Gage 1996, Gray et al. 1997, Gray 2001, Levin et 
al. 2001, Gray 2002, Gage 2004). Sanders (1968) first proposed the stability-time 
hypothesis, postulating that areas of historically low physiological stresses have 
evolved “biologically accommodated” communities with high species richness. As the 
gradient of these stresses increases due to increasingly unfavourable physical 
conditions, the communities gradually shift towards physically controlled communities 
resulting in decreased species richness. When the physical conditions are beyond the 
adaptive capacity of species these areas are devoid of life. This was used as an 
explanation for the increase in species richness with depth that Sanders (1968, 1969) 
observed in a global study. Sanders (1968) also suggested that the physical conditions 
in the shallow water on the shelf were less favourable than those on the deeper slope 
areas, accounting for the increase in species richness with depth that he observed. 
The validity of this hypothesis was refuted by Abele and Walters (1979) who re-
analysed Sanders’ (1968) data and showed that the increase in species richness was 
related to the species-area relationship, since larger areas were sampled in the deep-
sea than on the shelf. Since then there has been great debate on the subject with 
deep-sea ecologists substantiating the rich deep-sea diversity (Gage 1996, 2004) and 
shelf-based research purporting that the shelf diversity is as rich as that of the deep-
sea (Gray 1994, Gray et al. 1997, Gray 2000, 2001, 2002). 
 
Four general depth-diversity patterns have been described across the shelf based on 
species richness (Fig. 1.6): (1) a unimodal distribution in species richness with a peak 
in the mid-range depths; (2) a general increase in species richness to the mid-depths 
where it plateaus across the outer shelf; (3) a positive linear relationship in species 
richness with increasing depth; and (4) no relationship between species richness and 
depth. There is no accepted universal pattern yet (if it indeed exists) for benthic 
communities, but the explanation for each of these patterns is sound.  
 
The proposed explanation for the unimodal distribution was related to water 
movement as an agent of disturbance (Field 1971, Bergen et al. 2001). The shallow 
subtidal contains only a few species that are well adapted to wave turbulence. The 
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mid-depths are less subjected to wave turbulence, which is mostly storm-related, and 
therefore form more stable habitats associated with a sharp increase in species 
richness. On the outer shelf weak currents lead to the deposition of muddy sediment, 
resulting in lower species richness (Field 1971). Shifts in the hydrodynamic regime 
therefore influence the sediment grain size distribution with more moderate grain sizes 
generally located on the mid-shelf having the highest diversity, which results in the 
observed unimodal distribution (Field 1971, Snelgrove and Butman 1994).  
 
Bergen et al. (2001) applied the stability-time hypothesis in their explanation of the 
unimodal relationship. The stability-time hypothesis seemed appropriate moving from 
the nearshore onto the shelf because greater sediment stability allows more species to 
settle on and burrow into the sediment. However, the authors did not explain how this 
hypothesis applied to the decrease in species richness beyond the intermediate depths 
as one would expect further increases in species richness with increased stability 
across the shelf. In fact, the stability-time hypothesis predicted an increase in species 
richness as bottom oxygen concentration improved across shelves of eastern 
boundary upwelling regions that are subject to seasonal upwelling and hypoxia 
(Sanders 1969). A unimodal relationship was also revealed across the European 
continental shelf, but the authors provided no explanation for the observed 
relationship (Renaud et al. 2009). This suggests that neither the hydrodynamic regime 
nor the stability-time hypothesis were considered plausible explanations for the 
observed pattern. 
 
The second pattern highlighted an increase in species richness from the shallows, 
reaching a plateau in the intermediate depths, which extends to the outer shelf 
without any significant change in diversity. This pattern, identified by Day et al. 
(1971), used the stability-time hypothesis as an explanation, suggested that the 
release from the harsh wave-turbulent environment (dominated by very few species) 
led to an increase in inter-specific competition which resulted in an increase in species 
richness. However, the hydrodynamic regime provided an alternative explanation 
(Field 1971). The lack of decline in species richness in the outer shelf was attributed to 
the presence of strong bottom currents that prevented the deposition of mud (Field 
1971). Thus the sandy outer shelf had similar species richness to the sandy 
intermediate depths.  
 
The third pattern was described by an increase in species richness with greater depth 
across the European continental shelf from Norway to Crete (Escaravage et al. 2009). 
The proposed mechanism for this pattern is the relationship between depth and the 
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fraction of surface primary productivity that reaches the seafloor. Species richness was 
significantly, negatively correlated with the organic flux that reached the seafloor. 
Their data therefore suggest that the control of bottom enrichment by depth may 
account for the observed depth-diversity relationship in upwelling regions.  
 
 
 
 
Figure 1.6: Diagrammatic representation of published hypotheses for the 
relationship between species richness and depth across continental shelves. 
Four relationships have been described, namely unimodal relationship with a 
peak in the mid-depths (Bergen et al. 2001), positive linear relationship to 
mid-depths with the peak sustained to the shelf edge (Day et al. 1971), 
positive relationship (Escaravage et al. 2009), and no relationship (Currie et 
al. 2009). Transverse section of the continental shelf, continental margin 
which includes the continental slope and rise, and the abyss. 
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No discernible relationship between depth and species richness was revealed for the 
Great Australian Bight (GAB, Currie et al. 2009). The authors proposed that depth was 
not the most significant correlate with species richness, but that oxygen concentration 
better fit the distribution of species richness on the GAB shelf. So depth was not 
considered the driver of this species diversity pattern, but rather physical and 
chemical variables, such as dissolved oxygen concentration (Grassle and Maciolek 
1992, Snelgrove and Butman 1994). Oxygen concentration was not well correlated 
with depth either, which further suggests that there are factors at play complicating 
species distribution patterns. 
 
It should be noted that the observation process (e.g. plot sampling) and the choice of 
species richness metric (e.g. species count, species density etc) may affect the ability 
to uncover depth-diversity relationships, and might have contributed to the range of 
patterns observed to date. In terms of the observation process, the combination of 
patchiness of macro-infaunal assemblages and plot sampling methods result in under-
sampling of species giving the impression of many rare species (Gray et al. 2005) and 
influencing extrapolative species richness estimates and interpolative values. Further, 
sampling efficiency is likely to be compromised at depth, as the sampling gear, for 
example the tension-based Van Veen grab, must pass through a greater water column 
on deployment potentially misfiring or affecting the efficiency with which it samples 
the sediment in terms of the angle or depth of penetration.   
 
The choice of species richness metric applied may also affect the ability to discern 
relationships between depth and species richness (or diversity). Different expressions 
of species richness metrics may simply be the observed number of species per sample 
(i.e. species density, Oliver et al. 2011) or account for differences in numbers of 
individuals, usually associated with the use of different sampling gear (Day et al. 
1971, Oliver et al. 2011). A third variation could include accounting for the influence of 
the species-area relationship by including the appropriate log-log equation in the 
determination of species richness or the number and area of samples collected at 
different depths (Abele and Walters 1979, Escaravage et al. 2009). However, few 
studies compared different species richness metrics for the same datasets and these 
revealed very different species richness relationships with depth (Abele and Walters 
1979, Escaravage et al. 2009).  
 
These varied descriptions of the relationship between depth and species richness 
suggests that there may be no universal relationship between depth and macrofaunal 
diversity but that the patterns are modified by local conditions. It is pertinent to test 
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the relationship in each study area. Further, it is useful to compare between metrics to 
assess if the same patterns are derived. Innovative statistical models to estimate 
species richness in a given area (Gray 2001), which separate ecological processes 
from observation processes are required.  
This thesis will use macrofaunal data sampled to test among these different 
descriptions using them as hypotheses against which to test the relationship between 
depth and macrofaunal species richness across the South African west coast shelf. 
This thesis will also use innovative statistical techniques to compare between metrics 
to assess the patterns derived. Once a pattern has been obtained, this will be applied 
in a basic systematic conservation planning exercise for the South African west coast 
to identify ecologically sensitive areas (if any) for the subtidal benthos.  
Systematic Conservation Planning 
 
Under the Convention on Biological Diversity, signatory states are required to identify 
important components of biodiversity for conservation and sustainable use, to monitor 
changes to, and conserve biodiversity (CBD 2004, 2006, 2010). Priority conservation 
areas should be identified using robust analyses of existing information (Agardy et al. 
2011). Systematic conservation planning (here used synonymously with “systematic 
biodiversity planning”) is a tool which uses ecological, economic and social spatial 
information to determine priority biodiversity areas with low social and economic cost 
to users (Margules and Pressey 2000, Sarkar et al. 2010). It is widely used in both the 
marine and terrestrial environments, particularly in Australia, South Africa and the 
USA (Lombard et al. 2007, Klein et al. 2009, Sarkar et al. 2010).  
 
The key elements of systematic biodiversity planning process are (i) mapping of 
biodiversity patterns and ecological processes, (ii) setting targets for these biodiversity 
features or species, and (iii) mapping threats to ecosystems and the costs to users of 
selecting a particular area for conservation (Margules and Pressey 2000, Sarkar et al. 
2010). Software typically used in spatial planning include C-Plan, MARXAN and 
ZONATION (Smith 2004, Ball et al. 2009, Moilanen et al. 2009). Biodiversity plans 
may feed into marine spatial plans which tend to have a broader objective of zoning 
areas for ecosystem-based management. These plans allocate areas of the marine or 
coastal environment to particular uses with specific ecological, economic and social 
objectives (Douvere 2008). 
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Mapping biodiversity patterns in marine unconsolidated sediments 
 
Habitat classifications are an accepted means of organising and describing biodiversity 
and their environment (Greene et al. 1999, Conner et al. 2004, Davies et al. 2004, 
Costello 2009, Guarinello et al. 2010). They act as surrogates of biodiversity by using 
variables that are easy to measure or faunal groups that are easier to sample and 
identify (Ward et al. 1999, McArthur et al. 2010, Mellin et al. 2011). Classifications 
formalise habitats by standardizing terminology (Valentine et al. 2005) for effective 
comparisons in ecological research and for definition of management units in 
management and spatial planning (Margules and Pressey 2000, Foley et al. 2010). 
These classifications may be based solely on environmental variables as is the case for  
seascapes (Roff and Taylor 2000) or they could be based on a combination of 
environmental variables and biota, for example biotopes (Connor et al. 2004).  
 
The most significant surrogates should be included in habitat classifications to ensure 
that habitats effectively represent biodiversity (from genes to kingdoms). Surrogates 
may be abiotic or biotic (Ward et al. 1999). Physical surrogates for macrofaunal 
diversity have included spatial or geo- and biophysical variables that have strong 
associations with macrofaunal community structure such as depth, sediment type and 
productivity (McArthur et al. 2010). Biological surrogates, on the other hand, 
represent different organisational levels of biodiversity and include species 
assemblages (Ward et al. 1999), taxa that represent taxa at a lower organisational 
level (e.g. family representing species) or a subset of taxa that represent the whole 
taxonomic group (Mellin et al. 2011). Studies testing the effectiveness of these 
surrogates have mixed results (McArthur et al. 2010) that have been ascribed to 
variations in spatial scale (Parry et al. 2003). Surrogacy research is therefore 
imperative in order to improve habitat classifications (McArthur et al. 2010).  
  
Seascapes are defined by consistent geophysical (i.e. oceanographic and physical) 
features of the environment that are relatively easy to observe and operate over large 
scales (Roff and Taylor 2000). Variables included in seascape classifications are 
temperature, light penetration, substratum type and exposure. Seascape habitat 
classifications have been utilised in Canada (Roff et al. 2003) and Australia (Whiteway 
et al. 2007, Huang et al. 2011) as surrogates for biodiversity. Recent research has 
focussed on the effectiveness of seascapes in representing the macrofaunal 
communities in Australia (Whiteway et al. 2007, Heap et al. 2010, Przeslawski et al. 
2011). These studies concluded that seascapes were effective proxies in homogenous 
sediments, but less so in areas of great habitat heterogeneity (Przeslawski et al. 
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2011). Therefore, the more recent Australian seascape classification included finer 
scale classification of these seascapes (Heap et al. 2010) by including species richness 
as a variable. 
 
Biotopes are defined as biological communities and their associated physical habitats 
(Connor et al. 2004, Olenin and Ducrotoy 2006) and so represent three levels of 
biodiversity, namely populations, communities and ecosystems (Costello 2009). 
Biotopes can be identified using multivariate analyses of data identifying specific 
biological communities (Post et al. 2006) or simply by the most conspicuous and/or 
dominant taxa in an area (Connor et al. 2004). Macro-infauna are most commonly 
used in the documentation of biotopes due to their high biomass in marine sediments 
and the relative ease with which they are identified, particularly when compared with 
meiofauna (Burd et al. 2008). The physical habitat descriptions within biotopes usually 
include depth (i.e. intertidal or subtidal), oceanographic and substrate components 
(Conner et al. 2004, Davies et al. 2004, Schumchenia and King 2010). Classifications 
can be hierarchical combining environmental and biological components at different 
levels or scales (Greene et al. 1999, Connor et al. 2004, Davies et al. 2004, Valentine 
et al. 2005, Guarinello et al. 2010) or single-level where all variables are combined in 
a single analysis without imposing a structure (Verfaillie et al. 2009). 
 
Habitat mapping entails the spatial representation of classified habitats (Greene 
2008). These habitats can be identified through different methods, such as remote 
sensing, in situ sampling or expert opinion (Costello 2009). In situ sampling, for 
example by grab or video, directly measures aspects of biodiversity such as species 
presence (Stevens and Connolly 2005). It is, however, thought to be extremely time 
consuming and expensive to collect such data, although some authors may disagree 
(Stevens and Connolly 2005). Remotely sensed data, for example satellite or acoustic 
data, is certainly simpler to attain than in situ data, but the relationships between 
these data and biodiversity are still being investigated (Brown and Collier 2008, Brown 
et al. 2011). Expert opinion is used when large, systematically-sampled datasets are 
lacking. Expert-derived maps are readily accepted, but may be biased towards 
particular interests/habitat types (such as reefs or sea grass beds) and lack empirical 
evidence (Rondinini and Chiozza 2010). Habitat maps should always be based on 
biodiversity patterns and key driving processes of ecosystems, and should be ground-
truthed at the first opportunity. 
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Marine unconsolidated sediments in existing habitat classifications  
Marine habitat classification systems generally distinguish sediments in terms of depth 
zone and sediment grain size (Table 1.1, Greene et al. 1999, Connor et al. 2004, 
Davies et al. 2004, Valentine et al. 2005, Verfaillie et al. 2009, Guarinello et al. 2010). 
These two variables constitute the highest levels in classification hierarchies. In some 
cases where biological data are available, these are included as biotopes at the lower 
levels of the classification hierarchy (Greene et al. 1999, Valentine et al. 2005). Depth 
zones are generally broad when habitat classifications are strongly based on the 
physical environment, namely intertidal, surfzone, shelf and deep-sea (Greene et al. 
1999, Roff and Taylor 2000, Roff et al. 2003). However, biotope habitat classifications 
have narrower depth ranges more closely related to environmental envelopes for 
communities or species (Conner et al. 2004, Davies et al. 2004), such as infralittoral 
(0-30 m) and circalittoral (30-100 m) shelf. Sediment types, which are known to 
harbour distinct communities (Post et al. 2006, Jayaraj et al. 2008, de Juan et al. 
2013), are generally divided into mud, sand, gravel and mixed (Conner et al. 2004, 
Davies et al. 2004). Existing habitat classifications therefore incorporate accepted 
driving variables of unconsolidated sediment ecosystems, most frequently being a 
combination of depth and sediment type.   
 
Often habitat classifications refer to variables such as depth or sediment grain size 
rather than the underlying processes responsible for the categories (Table 1.1). A few 
habitat classifications have, however, incorporated these processes, providing a 
clearer understanding of mechanisms responsible for the classification; for example 
bentho-pelagic coupling (Sink et al. 2012) or mixing and wave-action (Roff et al. 
2003). However, the upwelling process or its related variables (e.g. productivity) do 
not feature in these habitat classifications. In fact, it is only specifically included in the 
Australian seascape classification (Whiteway et al. 2007, Heap et al. 2010), but also 
included as a modifier (Greene et al. 1999) or a unique feature (Davies et al. 2004) in 
other classifications. This thesis therefore investigated the incorporation of upwelling-
related variables in both seascape and biotope classifications.
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Table 1.1: An overview of the way in which various biotope or seascape habitat classifications 
distinguish marine unconsolidated sediment habitats with particular focus on the hierarchy within 
each classification.  
 
Study 
Type of 
classification 
Hierarchy 
no. of levels 
Method Data Description of Levels 
Davies et al. 
(2004), Europe 
Biotopes Hierarchy 
4 levels 
Expert-opinion n/a 1: Marine system 
2: Intertidal, shelf or deep-sea 
3: Sediment characteristics (grain size and organic content) 
4:Biotope 
Conner et al. 
(2004), Britain 
and Ireland 
Biotopes Hierarchy In-situ sampling 
and cluster 
analysis, expert-
opinion 
Species/ 
community, 
substratum, 
depth and 
wave 
exposure 
1: Environment (marine) 
2: Broad habitat types (sandflats) 
3: Habitat complexes (sediment type) 
4: Biotope complexes (biotopes of similar character) 
5: Biotopes 
6: Sub-biotopes 
Valentine et al. 
(2005), North-
West European 
Continental 
Shelf 
 
Biotopes of 
marine sublittoral 
habitats 
Informal 
themes – no 
hierarchy 
Remote 
sensing, visual 
observations in-
situ sampling 
Geophysical, 
biological, 
human usage 
and habitat 
recovery 
1: Topographical setting 
2: Seabed dynamics and currents 
3: Seabed texture, hardness and layering (upper 5-10cm) 
4: Seabed grain-size analysis 
5: Seabed roughness 
6: Fauna and flora 
7: Habitat association and usage 
8: Habitat recovery from disturbance 
Verfaillie et al. 
(2009), North-
West European 
Continental 
Shelf 
Biotopes Single level In-situ data Biological and 
geophysical 
PCA-determined habitats 
Madden et al. 
(2009), USA 
Biotopes Hierarchy 
7 levels 
Expert-opinion n/a 1: System (nearshore, neritic, oceanic) 
2: Subsystem (intertidal) 
3: Cover type (biotic, abiotic) 
4: Class (unconsolidated shore or bottom) 
5: Subclass (sand, mud, gravel, mixed) 
6: Group (e.g. carbonate mud) 
7: Biotope 
Greene et al. 
(1999), United 
States of 
America 
Seascapes/ 
biotopes 
(Mega-, meso-
macro- and 
microhabitats) 
Hierarchy 
4 levels 
Remote 
sensing, in-situ 
geological and 
biological 
sampling 
Geophysical, 
biological 
1: System (salinity and proximity to seafloor) 
2: Subsystem (depth intervals relevant to    
    fisheries management 
3: Class (seafloor morphology) 
4: Subclass (substratum and textures) 
Modifiers for bottom morphology, deposition and texture; 
physical, chemical, biological and anthropogenic processes 
Roff and Taylor 
(2000), Canada 
Seascapes Hierarchy 
8 levels 
Interpolated 
data 
Geophysical 1: Geographic/Temperature 
2: Benthic/Pelagic 
3: Depth/Light 
4: Substrate type 
5: Exposure/Slope 
Roff et al. 
(2003), Canada 
Seascapes Hierarchy Interpolated 
data layers 
Geophysical 1: Environment type (Marine) 
2: Geographic range 
3: Temperature 
4: Sea-ice cover 
5: Benthic/Pelagic 
6: Vertical segregation (epi-, dys- or aphotic, bathyal) 
6b: Benthic temperature (e.g. moderate temperate 6-9 °C) 
7: Mixing and wave action 
8: Benthic substrate (mud, sand, gravel) 
Whiteway et 
al. (2007), 
Australia 
Seascapes Single level Interpolated 
data layers 
Geophysical 
and 
biophysical 
GIS-based habitats 
Huang et al. 
(2011), 
Australia 
Seascapes Hierarchy 
3 levels 
In-situ sampling 
and remote 
sensing 
Geophysical 1: seabed insulation based on depth data 
2:water-column nutrients and bottom water temperature 
3:seafloor physical properties i.e. topography, sediment 
grain size and seabed sheer stress 
Sink et al. 
(2011), South 
Africa  
Seascapes Hierarchy 
5 levels 
Expert opinion 
and data layers 
Sediment 
type, 
bathymetry 
and slope 
data layers 
1: Terrestrial & bentho-pelagic coupling, i.e.       
    coast, inshore, offshore benthic 
2: Substrate (rock or unconsolidated) 
3: Depth and slope  
4: Grain size/Beach state 
5: Biogeography 
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Setting conservation targets for marine unconsolidated sediment habitats 
 
The setting of biodiversity targets for features, habitats and species identified in the 
process of mapping biodiversity patterns, is a key step in the systematic biodiversity 
planning process (Margules and Pressey 2000, Sarkar and Illoldi-Rangel 2010). A 
biodiversity target is the percentage of a species or habitat that requires protection in 
order to represent and ensure the persistence of that species or habitat (Cabeza and 
Moilanen 2001, Pressey et al. 2003, Game et al. 2008, Carwardine et al. 2009, Harris et 
al. in press). Persistence may be defined as the spatial area encompassing processes 
necessary for the long-term maintenance of biodiversity (Game et al. 2008). These 
targets should be quantitative (Pressey et al. 2003). 
 
Various types of biodiversity targets have been proposed and reviewed (Rondinini and 
Chiozza 2010) – these include fixed targets, heuristic targets, and targets based on 
species-area relationships (SAR) or empirical models. Fixed targets (10-20 %), based 
mainly on political agreements, have been criticised by the scientific community since 
they have been considered too low to adequately represent diversity (Soulé and 
Sanjayan 1998, Agardy et al. 2003, Desmet and Cowling 2004, Svancara et al. 2005, 
Metcalfe et al. 2012, Harris et al. in press). Variable targets allow for tailoring of 
conservation targets to national or local scale including biogeographic regions, habitat 
and species levels. The heuristic method, for example, takes into account expert 
knowledge based on scientific theory (Rondinini and Chiozza 2010), which may include 
aspects of persistence and is reverted to in the case of a lack of data, but is less 
scientifically defensible. Variable targets based on SAR and empirical models are 
quantitative and therefore more scientifically defensible (Akçakaya and Sjögren-Gulve 
2000), but data intensive and sensitive to poor data (Desmet and Cowling 2004). These 
quantitative methods do however account for variability between habitats and set more 
realistic targets. 
 
Conservation targets for marine unconsolidated sediment habitats in existing systematic 
conservation plans have been set according to the fixed target of 10 % or 20 % or 
adjusted heuristic targets, but habitat-specific targets have not been calculated  
(Lombard et al. 2004, Fernandes et al. 2005, Lombard et al. 2007, Sink et al. 2012) due 
to a lack of data. However, recent studies have quantified conservation targets using 
species-area relationships (Rondinini 2011, Metcalfe et al. 2012, Harris et al. in press) 
and yielded comparable targets ranging between 15 % and 30 %. Although there are a 
number of limitations and concerns around the use of species-area relationships for 
setting biodiversity targets (Lomolino 2000, 2002, Turner and Tjorve 2005, Tjorve and 
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Tjorve 2008, Dengler 2009, Tjorve 2009), it is accepted as the best current method for 
determining targets when species-specific data (to conduct population viability analyses) 
is limited. 
 
Conservation targets have recently been quantified for the intertidal sandy beach 
ecosystem of South Africa (Harris et al. in press) and applied in the first ecosystem-
based conservation plan in South Africa. Following Harris (2012) the collated data in this 
thesis forms the basis for the first habitat-specific data-based targets for the subtidal 
unconsolidated sediments in South Africa which will inform future systematic biodiversity 
assessment and planning initiatives.  
Mapping vulnerability to threats and costs of conservation actions  
Various commercial activities take place in unconsolidated sediment ecosystems; for 
example mining and fishing (Arana et al. 2005, Penney et al. 2007, Atkinson et al. 2011, 
Mangano et al. 2013). These commercial enterprises impact sediment ecosystems to 
varying degrees (Dernie et al. 2003, Penney et al. 2007, Atkinson et al. 2011, Sciberras 
et al. 2013) and are therefore considered threats or pressures in the context of 
systematic conservation planning (Sarkar and Illoldi-Rangel 2010) requiring mapping 
 
Habitat vulnerability is the primary basis for prioritising habitats, features or species for 
protection (Halpern et al. 2007, Halpern et al. 2008, Teck et al. 2010). Therefore it is 
important to map areas of high use, pressure or threat. Even though these ecosystems 
are not considered as vulnerable as coral or rocky reefs, due to sediment ecosystems 
being physically controlled (Gray 1981, Brown and McLachlan 1990, Hockey and Branch 
1994), they are vulnerable particularly to extractive uses that impact the habitat.  
 
There is general consensus (based on expert opinion) that pollution and habitat 
destruction, such as coastal development, mining activities and demersal trawl fisheries, 
are most likely to impact marine unconsolidated sediment ecosystems (Halpern et al. 
2007, Teck et al. 2010, Sink et al. 2012). Habitat destruction and pollution, however, 
require frequent external input for their effects to persist and so the impacts are 
reversible within a relatively short period, depending on the extent of the impact, the 
sediment type and the sediment mobility (Savage et al. 2001, Dernie et al. 2003, 
Pulfrich and Branch in press).  
 
The threat of climate change, combined with expanding pressures of seabed mining, 
trawl fisheries, pollution and oil and gas activities, however, has the potential to change 
the very processes responsible for maintaining sediment ecosystems (Tittensor et al. 
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2010). Ocean acidification, sea level rise and shifts in sea temperatures and productivity 
(Halpern et al. 2007, Teck et al. 2010) are thought to be the aspects of climate change 
that will most likely impact marine unconsolidated sediments. Thus, it becomes 
necessary to focus conservation effort on these very important ecosystems. 
 
Table 1.2: Most significant threats to marine unconsolidated sediment 
ecosystems tabulated from Gray et al. (1997),Harris (2012), Halpern et al. 
(2007), Teck et al. (2010) and Sink et al. (2012). x=present. 
  
Threat Sandy Beach Shelf Sediment Deep sea 
sediment 
Habitat degradation, fragmentation or loss 
Trawling  x x 
Coastal squeeze (climate change and 
development combined) 
x   
Coastal development x x  
Construction (coastal and subtidal) x x x 
Mining (mineral) x x x 
Sand extraction x x  
Pollution (organic or inorganic) x x x 
Solid waste (litter or dumping sites) x x x 
Species-specific exploitation 
Bait collection x x  
Fishing practices x x x 
Biological threats 
Alien invasive species x x x 
Global threats 
Global climate change x x x 
Ultraviolet radiation x x  
 
 
The other side of this coin is that conservation actions have a cost associated with them 
particularly for current or potential users of these systems. These costs are frequently 
measured as the loss of income or revenue generated by replacing activities (such as 
fisheries or mining) with an area under management or protection. Costs of conservation 
actions have been highlighted as an essential addition to any systematic conservation 
plan (Carwardine et al. 2008). When these costs are not included a priori, the cost of the 
best conservation solution may be too large making implementation unfeasible 
(Carwardine et al. 2008). Therefore costs are more frequently being included in 
systematic conservation plans (Carwardine et al. 2008). 
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Aims 
The aim of this thesis is two-fold: (i) to improve the foundational understanding of 
relationships between biodiversity patterns and driving processes in unconsolidated 
sediment habitats; and (ii) to apply this knowledge to the first systematic conservation 
plan for subtidal unconsolidated sediment ecosystems using the South African west coast 
as a case study. Within these broad aims, several objectives are identified. This thesis 
investigates macro-infaunal diversity patterns and determines driving processes to best 
describe diversity in a single habitat classification. It seeks to distil a simple unifying 
pattern that relates depth to species diversity as a paradigm in a complex ecosystem. 
This thesis then aims to calculate the first data-derived conservation targets for subtidal 
unconsolidated sediments of the South African west coast. And lastly, through the 
development of a cost layer, this thesis aims to identify priority biodiversity areas for 
inclusion in management or marine protected areas. 
Thesis Structure 
Chapter 2 of this thesis introduces the South African west coast as the case study area. 
It places this thesis in the context of the current understanding of marine unconsolidated 
sediment in South Africa. Chapter 2 also provides a comprehensive description of the 
physical environment on the South African west coast.  
 
Chapter 3 determines the first seascapes for the unconsolidated sediments of South 
Africa through multivariate analyses. This explorative study investigates the seascape 
diversity and relates it to particular physical variables in order to improve the current 
seascape classification framework. 
 
The macro-infaunal communities will be explored through multivariate analyses in 
Chapter 4, where community distributions will be related to key driving processes. These 
relationships will then be included in a broader conceptual framework for the 
classification of marine unconsolidated sediments. A biotope habitat classification will be 
produced and biotopes identified in support of the developed framework. 
 
In Chapter 5 the utility of habitat classifications are tested using the canonical analysis of 
principle coordinates (CAP). Habitat classifications based on data-driven seascapes 
(Chapter 3) and an existing habitat classification based on expert-opinion are compared 
to each other and to the biotope classification (Chapter 4) in an effort to determine the 
best type of marine habitat classification. 
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In order to identify a unifying biodiversity pattern for the South African west coast in 
Chapter 6, two different species richness metrics are used to determine the relationship 
between species richness and depth. Species density (spp.sample-1) and the 
extrapolative capture-recapture heterogeneity model applied in the Bayesian framework 
are utilised.   
 
In Chapter 7, the patterns established in the previous chapters are used to inform the 
setting of conservation targets based on the species-area relationship for unconsolidated 
sediments of the South African west coast. A rarely-used species richness estimator, the 
Multi-species Site Occupancy Model is introduced into the accepted methodology to 
improve its efficiency.   
 
The first systematic conservation plan for unconsolidated sediment in South Africa is 
produced in Chapter 8 as a practical demonstration of how to use this thesis in 
management planning. This chapter aims to determine priority biodiversity areas for 
marine unconsolidated sediment habitats.  
 
The final chapter (Chapter 9) synthesises the results of these studies and suggests 
future research areas based on knowledge gaps identified in this thesis. 
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Chapter 2 
The South African west coast as a case study 
Although South Africa is known as a global biodiversity hotspot for its rich terrestrial 
biodiversity, knowledge of marine biodiversity is relatively poor (Gibbons 1999, Griffiths et 
al. 2010). South Africa lacks expertise in the field of taxonomy (Griffiths et al. 2010), which 
has led to an underestimation of the number of marine species and even marine phyla 
(Gibbons 1999, Griffiths 2005, Griffiths et al. 2010). Invertebrate species distribution data 
are mainly available for habitats that are easily observed like the intertidal and shallow 
subtidal (Griffiths et al. 2010), or to taxa of particular interest to experts (Gibbons 1999). 
Species of global or commercial interest, such as cetaceans and fish, are well studied. 
Information is lacking on biogeographical range and levels of endemism of invertebrate 
species and macro-infaunal communities of deeper unconsolidated sediments are largely 
understudied (Brown et al. 2000, Leslie et al. 2000, Lombard et al. 2004).  
 
Sandy beach research is, however, far ahead of subtidal unconsolidated sediment research 
in South Africa, particularly in terms of theory as discussed in Chapter 1 (McLachlan et al. 
1981, Bally 1987, Brown and McLachlan 1990, McArdle and McLachlan 1991, McLachlan et 
al. 1993, Harris 2012). Beaches have been extensively sampled, and the data collated and 
applied to develop  a national beach classification (Harris et al. 2010). However very little 
biological information is available for the subtidal soft-sediments of the inshore and offshore 
environment of South Africa, with the major concern being that the country does not have 
the necessary expertise in this field (Leslie et al. 2000). 
 
On the west coast, benthic macrofaunal research in the neritic zone is limited, focussed 
particularly around anthropogenic impacts of marine construction  (Kruger et al. 2005), 
trawling (Atkinson et al. 2011) and mining (Savage et al. 2001, Steffani 2007). The 
macrofaunal diversity across the shelf has been sampled on two transects, one off Lamberts 
Bay (Christie 1975, 1976a, b) and the other in False Bay (Field 1971). Since the Lambert’s 
Bay transect was based on historical data collected using a variety of methods, the pattern 
in species richness across the shelf could not be determined; however, the author revealed 
that macrofaunal biomass was greatest in the Namaqua mudbelt at around 80 m depth. 
Field (1971) determined macro-infaunal community distributions across the shelf and found 
a unimodal relationship between species richness and depth.  
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The epifauna of the west coast, sampled by trawl surveys, have revealed a general positive 
linear relationship between epifauna diversity and depth (Lange 2012). Lange (2012) 
distinguished three major depth zones on the west coast – middle shelf, outer shelf and 
shelf edge/break – having sampled between approximately 80 m and 500 m isobaths. In 
addition, the University of Cape Town Ecological Survey collected infaunal and epifaunal 
samples in the 1960s, which are either not digitized or not yet processed. These data will 
provide further insight into the communities inhabiting the west coast unconsolidated 
sediments. 
 
The west coast of South Africa is a physically dynamic system (Chapman and Shannon 
1985, Bally 1987, Rogers and Bremner 1991, Penney et al. 2007, Steffani 2007). The 
Benguela Current which forms part of the southern Atlantic gyre results in cold water 
temperatures along the southern African west coast. Upwelling occurs mostly in the summer 
season between September and April on this coast. This results in high primary productivity 
which frequently results in hypoxia near the sea floor due to decomposition of organic 
matter (Bailey 1991). The region is also subject to major sediment input from the Orange 
and Olifants Rivers. This variable, highly productive area supports large fish, algae and 
invertebrate biomass (Crawford et al. 1987, Branch and C.L. 1988). Due to the complexity 
of the Southern Benguela system and its influence on the biota, the next section provides a 
more detailed description of the physical processes operating on the South African west 
coast. 
Physical Description of the South African West coast marine environment in 
relation to the benthic macrofauna 
Topography 
The continental shelf of the South African west coast (Fig. 2.1) is widest off the Orange 
River (180 km) in the north and narrowest off Cape Point in the south at 40 km (Shannon 
1985). The Orange Bank on the outer shelf off the Orange River is shallow at 160 m while 
the mid-shelf is as deep as 190 m. A second ‘shallow’ feature Child’s Bank is situated 150 
km off Hondeklip Bay. The shelf break is between 400 and 500m between the Orange River 
and Hondeklip Bay (Birch et al. 1976).  Double shelf breaks are common on the west coast 
(Shannon 1985). In the area between 31°S and 33°S the inner and outer shelf breaks are 
evident (i.e. 200-380 m and 500 m respectively), but these merge south of Cape Columbine 
into a single shelf break at 500 m (Birch and Rogers 1973). Cape Point has an exceptionally 
steep slope, whereas the outer shelf of the rest of the coast has a much gentler slope.  
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Figure 2.1: Map of the South African west coast. The shelf break is demarcated by 
the 500 m isobath.  
Water movement 
Generally there is an equator-ward movement of water on the South African west coast due 
to the Benguela eastern boundary current which forms part of the southern Atlantic gyre 
(Fig. 2.2).  The Benguela Current has two main sources of water, namely the South Atlantic 
and the Indian Ocean via the Agulhas rings which pinch off of the Agulhas retroflection 
(Gordon et al. 1992, Veitch 2009). In addition to this general northward movement of water 
it has been established that a poleward undercurrent is found between the 200 m and 
500 m isobaths moving at approximately 60-80 cm.s-1 (De Decker 1970, Nelson 1985). A 
jet current scours the bottom moving northward around Cape Point (Nelson and Polito 
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1987), presumably due to the narrowing of the shelf in this area. The water on the inner 
shelf seems to move poleward, equator-ward or offshore depending on the prevailing wind 
(Holden 1987). In addition, a recirculation eddy consistently forms in St Helena Bay. The 
major currents are likely to have a significant impact on benthic macrofauna. 
 
Figure 2.2: Major currents operating on the west coast: the equatorward Benguela 
Current (large black arrows), the poleward undercurrent (grey arrow) and the jet 
current (white arrow).  
 
Wave turbulence is known to consistently impact the shallow coastal areas of the west coast 
(Rogers and Rau 2006) with the greatest impact thought to be shallower than 30 m depth. 
In addition, internal waves have an impact on the shelf edge in the Northern Benguela off 
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the Namibian coast, where they are known to suspend finer sediment and transport it 
onshore (Monteiro et al. 2005). Although internal waves have not been studied along the 
South African west coast shelf edge, it is highly likely that similar processes operate in the 
Southern Benguela. 
Bottom temperature 
The bottom temperature decreases proportionally with depth and varies very little with 
latitude (Dingle and Nelson 1993). The highest temperatures (>11 °C), were recorded 
around the Orange River mouth, the nearshore in St Helena Bay and the nearshore off 
Yzerfontein. The lowest temperatures were recorded along the shelf edge (7-8 °C). This 
colder water shelf edge is likely subject to changes in water movement and could therefore 
potentially house a different community to the rest of the shelf. 
Upwelling 
During the austral spring to autumn (September to April), upwelling occurs when the south 
easterly wind blows equator-ward along the coast (Andrews and Hutchings 1980). Due to 
Eckman drift the water moves offshore and is replaced by cold, nutrient-rich central water. 
Three upwelling cells can be identified along the west coast (Fig. 2.3), the most persistent 
and intense of these being the Cape Columbine upwelling cell. Upwelled water moves 
northwards into St Helena Bay where it is caught in a recirculation eddy (Monteiro and van 
der Plas 2006). In the north, stretching from the Namibian border to Platbaai, but centred 
around Hondeklipbaai, there is a diffuse, less intense and more seasonal upwelling cell. The 
effects of this cell dissipate quite quickly because it is along a very exposed coast. And the 
third upwelling cell is off Cape Point. It is strongly seasonal but the least persistent. 
Upwelled water along this coast moves rapidly northwards, warming and eventually 
dissipating off Yzerfontein (Andrews and Hutchings 1980).  
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Figure 2.3: Sea Surface Temperature (°C) satellite image indicating the three 
upwelling cells on the South African west coast in purple off Cape Point (sporadic), 
Cape Columbine (consistent and intense) and Hondeklipbaai (diffuse). In addition, 
the image shows the directional movement of the warmed upwelled water (blue) 
on the surface towards Yzerfontein, St Helena Bay and towards the Orange River 
respectively. Upwelling provinces indicated in white text and delimited by white 
dashed lines. 
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Organic loading of the euphotic zone 
Opportunistic phytoplankton proliferate as a result of the nutrients carried by upwelled 
water in the summer season. As the water warms these phytoplankton blooms increase in 
size and are carried northward with surface water currents in the euphotic zone. Booms and 
busts in phytoplankton occur frequently in both time and space, and are spatially consistent 
across the west coast as shown in Fig. 2.4 (Demarcq et al. 2007). 
 
 
Figure 2.4: Chlorophyll concentration (mg Chl.m-2) for the South African west coast 
1998-2006 between the latitudes of 28.2°S and 34.3°S (reproduced with 
permission from Dr H. Demarcq). 
 
 
The South African west coast can be divided into three sub-provinces, namely Orange River-
Namaqua (28.2°–31.3°S), Cape Columbine-St Helena Bay (31.3°–32.7°S) and southern 
Cape (32.7°–34.3°S), based on a chlorophyll index (Fig. 2.3, Demarcq et al. 2007). These 
sub-provinces were based on the homogeneity of the absolute value of their chlorophyll 
index as well as the consistency of the variability of the index through time. For the 
purposes of this study, these provinces were associated with medium, high and low 
upwelling intensities respectively (supported by Fig. 8 in Demarcq et al. 2007 reproduced 
here as Fig. 2.5). The chlorophyll index was consistently highest in the Cape-Columbine-St 
Helena Bay sub-province, lowest in the southern Cape sub-province and with intermediate 
values in the Orange-River-Namaqua Cell.  
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Figure 2.5: Variation in the chlorophyll index for the three South African west coast 
sub-provinces defined by Demarcq et al. (2007, taken from their Fig. 8) 
  
Low Oxygen Water feature 
Low Oxygen Water (LOW, <2ml.l-2) is a consistent oceanographic feature during the 
upwelling season between 30 m and 150 m depths on the west coast (De Decker 1970, 
Jarre et al. in prep). This feature is a result of both physical and biochemical processes 
(Bailey and Chapman 1985, Chapman and Shannon 1985, Monteiro and van der Plas 2006). 
Phytoplankton blooms produce copious amounts of oxygen leading to super-saturation of 
the euphotic zone. The oxygen diffuses into the deeper water and is lost to the atmosphere. 
As the surface water warms the thermocline stabilises, preventing the downward diffusion of 
oxygen from the euphotic zone. When the nutrients are exhausted, the phytoplankton dies 
and sinks. These organisms decompose, further depleting the oxygen below the thermocline 
and producing the LOW.  
 
Initially it was thought that there were two major LOW production zones, namely off St 
Helena Bay and off the Orange River Bight. Seasonal cyclonic circulation within St Helena 
Bay makes it a retention zone for particulate organic matter produced during upwelling. It 
was therefore considered the source of LOW (Bailey 1991, Monteiro and van der Plas 2006) 
from which currents carried LOW north and south. However, since it has been shown that 
LOW is a consistent feature across the entire coast north of Cape Columbine and 
sporadically extends south of Cape Columbine to Cape Point (De Decker 1970, Jarre et al. in 
prep), it is not likely that LOW originates from a single site. LOW varies along the coast 
between hypoxia (1-2 ml.l-1) and anoxia (<1ml.l-1), but the consistency implies that LOW is 
locally produced, the result of upwelling along the entire west coast (Jarre et al. in prep). 
Since upwelling is less frequent and intense south of Cape Columbine, LOW has great 
annual variation in this area.  
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Figure 2.6: Region of most frequent Low Oxygen Water (<2ml.l-1) on the South 
African west coast indicated in light grey. 
 
Recently Jarre et al. (in prep) determined that the LOW in St Helena Bay is in fact persistent 
in that it does not dissipate during winter as previously thought (Chapman and Shannon 
1985, Monteiro and van der Plas 2006). While it may be temporarily mixed due to winter 
storms, it has been constantly present for the last decade. According to Jarre et al. (in prep) 
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and De Decker (1970), LOW is more consistently found shallower than 150 m (Fig. 2.6), but 
is known to extend into deeper water sporadically. Due to wave action, mixing occurs 
inshore which breaks down the thermocline oxygenating the water. Therefore LOW is less of 
a factor inshore (i.e. at depths shallower than 30 m).  
Sediment characteristics 
The west coast shelf sediments consist of terrigenous, biogenic and authigenic sediments 
(Rogers and Bremner 1991). Terrigenous sediment carried by the Orange River is deposited 
on the Orange Bank or transported south by surface currents. Deposited muddy sediment 
forms the Namaqua mudbelt which stretches from the mouth of the Orange River into St 
Helena Bay between 60 m and 100 m depths. Sedimentation rates vary with latitude along 
the mudbelt, with high historical sedimentation rates recorded at a northerly site and lower 
sedimentation rates recorded in St Helena Bay, the southernmost extent of the mudbelt. 
Rogers and Rau (2006) later revealed that the mudbelt sediment consisted not only of 
terrigenous mud deposits but also of biogenic sediment in the form of faecal pellets from 
macro-infauna. Sand dominates the rest of the shelf although patches of mud were found in 
all depth zones (Fig 2.7). Biogenic sediments consisting of calcium carbonate and organic 
matter dominate the outer shelf north of St Helena Bay and large patches of authigenic 
sediment (made up of minerals such as phosphates and glauconite) are found off Cape 
Columbine and Cape Point (Rogers and Bremner 1991). However, terrigenous sediments 
cover the greatest proportion of the shelf.   
Organic carbon sediment composition 
For the purposes of this study, the organic carbon sediment composition is the accumulation 
of organic matter into the sediment on the sea floor. This is measured as percentage (%) 
weight of organic carbon in the sediment. Two previous studies (Bailey 1991, Rogers and 
Bremner 1991) have produced maps describing the distribution of % organic carbon on the 
west coast of South Africa. Both studies suggest that the highest % organic carbon is found 
in St Helena Bay. Medium values extend from St Helena Bay (where it extends to about the 
200 m isobath) north to Port Nolloth as a narrow band along the inner shelf, then extends 
over the Orange River Basin. The medium % organic carbon layer also extends as a narrow 
band south of Cape Columbine to off Yzerfontein. 
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Figure 2.7: Sediment characteristics of the west coast continental shelf (adapted 
from South African Council for Geosciences Texture Map). 
Uses and Protection Status of the South African west coast 
Ecosystems on the South African west coast provide a number of resources including food, 
minerals and oil and gas. The west coast therefore supports large commercial fishing and 
mining industries highlighting the economic importance of this area (Sink et al. 2012). 
However, these commercial activities also present a threat to biodiversity. It is therefore 
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imperative to reach a compromise which allows for both the protection of biodiversity and 
the continuation of commercial activities.  
 
Commercial activities on the west coast include diamond mining, oil and gas exploration and 
demersal trawl fishing. The effects of diamond mining and demersal trawl fishing have been 
quantified on the west coast (Savage et al. 2001, Steffani 2007, Atkinson et al. 2011). 
However, these impact studies highlighted concerns about the lack of baseline information. 
Differences between impacted and control sites could not be assessed in the context of the 
general variation in biological communities on the continental shelf since this has not yet 
been investigated (Steffani 2007). In addition a baseline is lacking, since diamond mining 
and the demersal trawl fishery have been in operation since the early 1900s and the 1920s 
respectively (Griffiths et al. 2005). The lack of foundational understanding of macrofaunal 
community or species distributions has made it difficult to properly assess the impacts of 
various human activities (Steffani 2007, Atkinson et al. 2011). 
 
The spatial extent of each user or threat has been mapped for the entire Exclusive Economic 
Zone of South Africa based on the best available data (Sink et al. 2012). Activities other 
than fishing and mining include naval activities, dumping of waste, placement of submarine 
cables and shipping. These mapped layers will be combined into a single cost layer which 
quantifies the cost of rezoning a particular area for conservation rather than the current 
use, commercial or not. This map will be developed in Chapter 8, where it will be 
incorporated into a systematic conservation plan.  
 
Currently, a very small fraction of the west coast is formally protected in marine protected 
areas (MPAs) or management zones (Sink et al. 2012). Marine protected areas are limited 
to Cape Point, the West Coast National Park and Sixteen-mile beach (Fig. 2.8). All these 
MPAs are coastal, in depths shallower than 30 m, which leaves the entire offshore region of 
the west coast unprotected (Sink et al. 2012). The South African National Protected Area 
Expansion Strategy aims to expand the protection to 20 % of each habitat over the next 20 
years by proclaiming new MPAs (Government of South Africa 2010) especially in the 
offshore and the northern part of the west coast where there is no protection at all (Sink et 
al. 2012).  
 
A previous attempt to proclaim an MPA off the west coast (which was proposed in 2004) 
was met with great resistance from the fishing and mining industries operating in the area, 
Chapter 2: Study Area 
49 
 
as well as the Department of Minerals and Energy (Sink 2007). One of the objections raised 
by industry was that the scientific basis for the nominated area was not clear or robust. It is 
thus pertinent to conduct foundational research in order to develop a more scientifically 
robust nomination for a west coast MPA.  
 
 
 
Figure 2.8: Marine protected areas on the South African West Coast (Sink et al. 
2012). “Other MPAs” refer to management areas where some extraction activities 
are allowed. 
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Systematic conservation planning in the marine environment is improving as better models 
are developed and tested (Carwardine et al. 2008, Game et al. 2008) and in South Africa as 
data are constantly added to these plans. The first South African National Marine and 
Coastal (SANMC) habitat classification system and integrated maps were recently developed 
(Sink et al. 2012). Thus far, most targets have been based on heuristics due to the limited 
data available, however it is a national priority to undertake scientific research to support 
conservation target setting for marine habitats in South Africa (Sink et al. 2012, Harris et al. 
in press), for example Harris et al. (in press). In addition, marine unconsolidated sediment 
habitats were not considered vulnerable, so they were included in biodiversity plans for 
representation only (Clark and Lombard 2007, Lombard et al. 2007). A national beach 
classification has recently been developed (Harris et al. 2010), which was verified and 
tested with biological data (Harris 2012). Harris (2012) revealed that despite the perception 
of robustness/resilience, South African beaches were under significant threat. Through a 
data intensive exercise, the standard 20 % biodiversity target was deemed too low to 
ensure the protection of South Africa’s beaches, and a 27 % target was derived instead. 
Harris (2012) then produced the first ecosystem-based conservation plan for South African 
beaches. This thesis will produce the first systematic conservation plan for the South African 
west coast subtidal unconsolidated sediments. 
 
In this thesis, the South African west coast is used as a case study for the development of 
habitat classifications, setting of habitat-specific targets and production of an ecosystem-
based systematic conservation plan for marine unconsolidated sediments. Since the physical 
processes on the west coast are similar to that of other Eastern Boundary Upwelling 
Regions, the results of this study will be applicable elsewhere. 
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Chapter 3  
Defining seascapes for marine unconsolidated shelf 
sediments in eastern boundary upwelling regions: 
the South African west coast as a case study 
Abstract 
Marine unconsolidated sediment habitats are considered physically controlled ecosystems 
driven by a number of local physical processes. Depth and sediment type are recognised 
key drivers of these ecosystems. Seascape (i.e. marine landscape) habitat classifications are 
based solely on consistent geophysical features and provide an opportunity to define 
unconsolidated sediment habitats based on processes which may vary in distribution 
through space and time. The aim of this chapter was to identify seascapes for 
unconsolidated sediments and explore their diversity in an eastern boundary upwelling 
region at the macro-scale, using the South African west coast as a case study. Physical 
variables such as sediment grain size, depth and upwelling-related variables (i.e. maximum 
chlorophyll concentration, austral summer bottom oxygen concentration and sediment 
organic carbon content) were included in the analyses. These variables were directly 
measured through sampling, or collated from existing databases and the literature. The 
multivariate Cluster, Principle Components Ordination and SIMPER analyses (in PRIMER 6+ 
with PERMANOVA add-in package) revealed four main findings; (i) eight seascapes were 
identified for the South African west coast based on depth, slope, sediment grain size and 
upwelling-related variables, (ii) three depth zones were distinguished (inner, middle and 
outer shelf), (iii) seascape diversity in the inner and middle shelves was greater than the 
outer shelf, and (iv) upwelling-related variables were responsible for the habitat diversity in 
both inner and middle shelves. It is therefore recommended that upwelling-related 
processes such as productivity be included in seascape classifications in order to better 
distinguish seascapes in upwelling regions. 
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Introduction 
Depth and sediment type are physical factors that most frequently vary with benthic macro-
infauna community distributions (Gray 1981, Bergen et al. 2001). However, depth is often 
not considered the driver, but a covariate to a number of different drivers such as water 
movement (from wave energy to currents) and productivity. It is also realised that other 
biological, physical, chemical and oceanographic processes impact communities at different 
scales; for example, bioturbation (Nowell 1981) and habitat heterogeneity (Hewitt et al. 
2005) affect distribution and abundance of species at a local scale, but sediment mobility 
(Post et al. 2006), anoxia (Sanders 1968, Thiel 1978, Grantham et al. 2004, Montagna and 
Ritter 2006) and upwelling (Bally 1987, Escobar Briones 2003, Diz et al. 2006) may operate 
at a larger scale. This implies that the delineation of subtidal sediment habitats (like any 
other ecosystem) will be the result of specific abiotic and biotic processes present. These 
physical processes may be used to define macro-scale habitats that may shift in space, but 
are consistent in time (i.e. always present, but not necessarily in exactly the same location). 
Since unconsolidated sediment habitats are less likely to have hard or distinct boundaries 
like rocky reefs, habitats defined by a process-based classification might be the best 
surrogate for biodiversity patterns in unconsolidated sediment ecosystems.   
Seascapes are defined as marine habitats based solely on consistent geophysical variables, 
such as temperature, salinity and substrate type  (Roff and Taylor 2000). The seascape 
habitat classification is hierarchical so seascapes can be defined according to the scale of 
interest, the broadest scale being the Atlantic, Pacific or Indian Oceans, and the finest scale 
based on wave exposure or slope. Some seascape classifications have also included 
biophysical processes such as productivity (Whiteway et al. 2007) or chemical processes 
such as nutrient concentrations (Huang et al. 2011). Although seascapes have mainly been 
delineated and mapped by Geographical Information Systems Analyses (Roff et al. 2003, 
Whiteway et al. 2007, Huang et al. 2011), they have also been determined by Principle 
Components Analyses (Verfaillie et al. 2009) revealing the flexibility of this habitat 
classification framework to the available data. 
The aim of this chapter was to define seascapes for unconsolidated shelf sediments and 
explore seascape diversity in order to determine the key processes responsible for observed 
seascapes in an eastern boundary upwelling region. The South African west coast 
continental shelf was used as a case study as this is an intensively studied region with 
substantial information available on the oceanography and other large-scale processes such 
as wind-induced upwelling (see Chapter 2). The west coast of South Africa forms part of the 
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Benguela Current upwelling region and is subject to spatially variable upwelling intensity 
levels. Upwelling and productivity were not considered in the initial development of the 
seascape classification (Roff and Taylor 2000) which focused on depth, sediment type and 
slope. This chapter will therefore also determine the significance of upwelling-related 
variables in the classification of seascapes in upwelling regions.  
Methods 
Survey design 
The study area is the continental shelf of the South African west coast, which stretches from 
the Namibian border in the north, to Cape Point in the south and includes three upwelling 
provinces (Fig. 3.1, see Chapter 2 for details). Within each of the upwelling provinces two 
areas were sampled opportunistically from beach to shelf edge off Port Nolloth, Platbaai, 
Elands Bay (and Doringbaai), Paternoster, Yzerfontein and Melkbosstrand (Fig. 3.1). 
Stations were sampled in seven defined depth ranges where possible, namely intertidal, 5-
30 m, 30-100 m, 100-150 m, 150-300 m and 300-500 m. Most stations were sampled only 
once over a two year period from March 2009 to September 2010 mainly in austral spring to 
autumn which is the main upwelling season (Jarre et al. in prep). Two stations (23 and 25) 
were sampled twice, in April and June 2009, to include some seasonal variability in the 
dataset. In addition, data from De Beers Marine Limited Mining Licence Area 3 and a recent 
trawl impacts study (Atkinson et al. 2011) collected in 2008-2010 and 2007 respectively 
were included in this study. A few sampling attempts were unsuccessful due the presence of 
hard ground or unsuitable sea conditions.  
Chapter 3: Seascapes 
58 
 
 
Figure 3.1: Stations sampled along the west coast of South Africa. The insert 
indicates the region of South Africa magnified in the larger map. Solid circles 
indicate numbered stations where 1-6 replicates were obtained (Table 3.1 and 
3.2), while open circles indicate unsuccessfully sampled stations where sea 
conditions were unsuitable for sampling or hard ground was encountered. Three 
upwelling provinces are delineated by green stippled lines and text. 
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Beach site selection criteria 
Dissipative beaches longer than 2 km were sampled along the coast. This was done at five 
sites - Melkbosstrand, Yzerfontein, Paternoster, Elands Bay, and Platbaai. The criteria 
(beach state and length) were used to standardise beach morphodynamic state and ensure 
comparability of beaches (see Chapter 4 for details). The only exception was the most 
northerly site, McDougal Bay (Port Nolloth), a pocket beach which is sheltered by an 
observed subtidal reef outcrop. This was the only beach available and accessible at this site. 
Sediment sample collection for grain size analysis 
Replicate (i.e. 1-5) 250 g sediment samples representing the surface 5 cm of sediment were 
collected at all sites in association with biological samples collected (see Chapter 4). 
Samples were collected directly from the beach, by divers in the shallow subtidal (5-30 m 
depths) and taken from grab samples in the deeper subtidal. In addition, a 40 ml sediment 
sample was collected for organic carbon analysis from grab samples only and frozen until 
analyses could be performed. 
Geophysical variables utilised in the analysis to define seascapes 
The geophysical variables measured were depth, sediment grain size, and sediment organic 
carbon.  Latitude was noted at each site sampled. Additional variables estimated from 
mapped data layers were slope, austral summer bottom temperature (°C), austral summer 
bottom oxygen concentration (ml.l-1) and maximum surface chlorophyll concentration 
(mg.m-2). Although tidal influence is an important factor distinguishing beaches from the 
subtidal sediments (Brown and McLachlan 1990), it was not included as a variable since it 
could not be measured for the entire shelf. To some extent, depth was thought to 
incorporate these effects. The methods by which these data were obtained is further 
detailed below.  
Depth 
Approximate depth was recorded at each station either from echo sounder readings for 
samples collected by ship or from maximum depth readings from dive computers for 
samples collected by scuba divers. Beach samples (irrespective of tidal height) were 
assigned a 0 m depth value.  
Sediment grain size 
The sediment grain size analysis was conducted by the Council for GeoScience Marine Unit. 
The bulk sample was split by taking a vertical subsample of approximately 10 g from within 
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the bottle. This subsample was dried overnight at 70°C. The subsample was sieved through 
a sediment analysis sieve stack which consisted of 63 µm, 125 µm, 250 µm, 500 µm 
1000 µm and 2000 µm sieves according to the Wentworth Scale (Wentworth 1922) and the 
proportion of the total subsample weight was determined. This resulted in percentage 
weight values for mud, sand and gravel. The sand fraction was then further divided into 
very fine, fine, medium, coarse and very coarse sand. In addition, sediment grain size data 
were included from Atkinson et al. (2011) and De Beers Marine Limited samples. Atkinson 
et al. (2011) used a comparable dry sieving method of grain size analysis. However, De 
Beers Marine Ltd used a size-frequency settling column methodology (Steffani 2007), and 
size-fraction percentages were estimated from cumulative size-frequency graphs. These 
estimated data are however thought to be comparable to the dry sieve data for the 
purposes of this study (pers. comm. Dr John Compton, Geological Sciences Department, 
University of Cape Town).  
Sediment Percentage Organic Carbon 
Sediment organic carbon analyses were performed by BemLab (Ltd) with a CN analyzer. 
Defrosted sediment samples were dried and milled before being processed in the CN 
analyzer. Samples were combusted at 850 °C with oxygen gas and read by a thermal 
conductivity cell. Percentage organic carbon data from Atkinson et al. (2011) was also 
included in the numerical analyses that follow. For Yzerfontein and Melkbosstrand beaches 
(32 and 40), the percentage organic carbon was taken from a summary table in Bally 
(1987). However, values were not available for the remaining beaches; therefore they were 
each assigned the same value as that measured for Yzerfontein (i.e. 0.8 %). Where gaps 
existed for the subtidal sites, values were estimated from the percentage organic carbon 
map in Bailey (1991). Organic carbon quantified in this study varied very little from Bailey 
(1991), always less than three percent. 
Slope 
Beach slope was measured by using a method appropriate to the habitat; the estimated 
theoretical daily tide range (as estimated by the hydrographic services of the South African 
Navy) as a vertical measure over the observed beach width at sampling as the horizontal 
measure. Slope for all other stations was measured from the General Bathymetric Chart of 
the Oceans (GEBCO, 2009). GEBCO is a continuous model of the ocean bathymetry based 
on quality-controlled ship depth soundings and interpolating depths between measured 
soundings guided by satellite-derived gravity data. The scale of map was kept constant for 
all measurements at 1:100,000. The bathymetry lines indicated changes in depth of 10 m 
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and the distance between bathymetry lines was measured with the measure tool in Arcview 
3.3 along the aspect shown by the contours. These values were then converted to metres 
and slope was calculated across each station.  
Austral summer bottom temperature 
The austral summer bottom temperature (°C) was based on bottom temperature data 
collected in January and February 2006-2011 encompassing the period of sampling for the 
current study. These data were plotted on a map and interpolated through kriging to cover 
the South African west coast. Bottom temperature values for each site were derived from 
the map in Appendix 3.1 (Fig. 3.7) and gaps in data were inferred from Hutchings and 
Lamont (unpublished data).   
Austral summer bottom oxygen concentration 
The austral summer bottom oxygen concentration (ml.l-1) was based on oxygen 
concentration data collected in January and February 2006-2011 as for bottom temperature. 
These data were plotted on a map and interpolated through kriging to cover the South 
African west coast. Bottom oxygen concentration for each site was derived from the map in 
Appendix 3.1 (Fig. 3.8) , or inferred from Bailey (1991) and Hutchings and Lamont 
(unpublished data).  
Maximum chlorophyll a concentration  
The maximum chlorophyll a concentration (mg.m-2) values were derived from Demarcq et 
al. (2007) by latitude from Fig. 2.4 (Chapter 2). This variable was chosen to reflect 
upwelling province and the peak organic loading. The highest chlorophyll a concentration 
value for each sample based on latitude was derived from Fig. 2.4, representing the 
maximum organic loading as a result of maximum upwelling intensity for each transect. 
Generally, the extent of chlorophyll loading is considered to cover the entire shelf area to a 
distance of about 200 km offshore (Demarcq et al. 2007).   
Multivariate analyses to define seascapes 
The multivariate analyses to define seascapes were conducted using data from all 48 sites 
based on latitude, depth, sediment grain size, percentage organic carbon, slope, bottom 
oxygen concentration, bottom temperature and maximum chlorophyll a concentration per 
latitude. A draftsman plot (pairwise scatterplot) indicated that none of these variables 
required transformation. The data were normalised and converted into a dissimilarity matrix 
by means of the Euclidean distance measure. From the dissimilarity matrix, a dendrogram 
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based on group average linkage was produced which identified the seascapes (i.e. groups of 
samples). A Principle Components Ordination (PCO) was also produced excluding outliers 
identified in the dendrogram to determine which variables were responsible for the 
seascapes.  In addition, the most influential individual variables identified from SIMPER 
analyses were compared across seascapes in order to verify their influence. These 
seascapes were plotted on a map of the west coast to spatially represent the distribution of 
seascapes defined in the current study. All multivariate analyses were performed in PRIMER 
6+ with a PERMANOVA add-in (Clarke and Warwick 2001, Clarke and Gorley 2006, 
Anderson et al. 2008). 
Results 
Description of geo- and biophysical variables included in the seascape analyses 
Depth ranged between 0 m (i.e. beaches) and 412 m (Table 3.1). Sediment types included 
sand, muddy sand, sandy mud and mud according to Folk’s Classification System (Folk 
1954). Percentage gravel was generally below 5 % with the exception of St Helena Bay 
Station 3 (Site 23, Table 3.1) that occasionally had a large amount of shell. Stations were 
generally dominated by mud, very fine sand or fine sand, with very few mixed sediments 
(9, 13, 14, 16, 17, 27, 48). Slopes were very gentle and ranged between 0 (St Helena 
Bay Station 8, 26, Table 3.1) and 0.04 (Port Nolloth Beach and Surfzone, 1-2). Austral 
summer bottom temperature increased steadily from approximately 6.7-8 °C at the deepest 
sites to approximately 11 °C on the coast. Austral summer bottom oxygen concentrations 
ranged between 0.1-0.3 ml.l-1 in the 80-140 m depth range with greater values at shallower 
and deeper depths. The average percentage organic carbon per site ranged between 0.4 % 
and 11 %. The maximum values of organic carbon were recorded on Child’s bank (17) with 
high values at St Helena Bay Col L (28, ± 6 %), St Helena Bay station 3 (± 7 %) and 
Yzerfontein station 3 (±4.5 %). The maximum chlorophyll concentration measured for each 
transect was 400 mg/m2 for Paternoster and Elands Bay, 250 mg/m2 for Platbaai and Port 
Nolloth and 175 mg/m2 for Yzerfontein and Melkbosstrand (Fig. 3.1, Table 3.1). 
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Table 3.1: Summary of physical variables for each site samples on the South African west coast continental shelf. 
Map 
site 
Station name 
Average 
% mud 
Average 
% very 
fine sand 
Average 
% fine 
sand 
Average 
% 
medium 
sand 
Average 
% coarse 
sand 
Average 
% very 
coarse 
sand 
Average 
% gravel 
Depth 
(m) 
Latitude Slope 
Maximum 
Chlorophyll 
Conc. 
(mg.m2) 
% 
Organic 
Carbon 
Summer 
Bottom 
Oxygen 
Conc.  
(ml.l-1) 
Summer 
Bottom 
Temperature 
(°C) 
1 Port Nolloth Beach 1.0 2.7 69.1 24.2 2.3 0.0 0.7 0 -29.32 0.038 250 0.5 2.6 10.1 
2 Port Nolloth Surfzone 1.4 0.2 52.0 45.5 0.9 0.0 0.0 13 -29.32 0.033 250 1.6 0.6 10.1 
3 Port Nolloth St 3 12.9 8.5 72.5 6.0 0.1 0.0 0.0 70 -29.13 0.007 250 0.5 2.0 10.7 
4 De Beers Bio 2 64.2 25.3 2.3 4.1 3.0 1.1 0.0 121 -29.06 0.001 250 1.9 1.2 10.2 
5 De Beers C1 79.5 12.6 5.0 2.7 0.2 0.0 0.0 121 -28.94 0.001 250 2.0 2.3 10.8 
6 De Beers  C1.1 88.2 10.9 0.5 0.3 0.1 0.0 0.0 122 -28.95 0.001 250 0.8 0.5 9.7 
7 De Beers C2 89.8 9.5 0.3 0.2 0.1 0.0 0.0 122 -28.92 0.002 250 1.8 2.3 10.8 
8 De Beers Bio 1 18.4 51.6 26.5 2.3 0.8 0.4 0.0 130 -28.92 0.001 250 0.8 0.7 9.8 
9 Port Nolloth St 5 35.6 11.9 27.7 14.2 9.5 1.1 0.0 142 -29.17 0.001 250 2.6 1.1 9.8 
10 Platbaai Beach 0.9 0.0 5.9 82.0 11.2 0.0 0.0 0 -30.60 0.030 250 0.5 2.4 10.5 
11 Platbaai St 6 90.6 5.8 3.0 0.3 0.3 0.0 0.0 110 -30.54 0.007 250 3.5 0.2 9.9 
12 Platbaai St 4 84.3 3.7 2.2 3.2 5.2 1.5 0.0 118 -30.13 0.002 250 2.6 0.1 9.9 
13 Platbaai PSBS 01/03 25.4 8.4 13.8 21.7 27.5 2.5 0.7 135 -30.34 0.003 250 2.0 2.2 9.8 
14 Platbaai PSBS 01/05 29.0 37.9 13.1 3.7 5.9 9.6 0.8 165 -30.40 0.001 250 5.0 2.5 8.8 
15 Platbaai St 5 50.9 42.9 5.0 0.9 0.3 0.0 0.0 187 -30.66 0.002 250 2.5 3.2 9.1 
16 Platbaai St 7 50.9 18.7 22.9 6.3 1.2 0.0 0.0 315 -30.66 0.022 250 1.9 3.6 8.7 
17 Child’s Bank (Child L) 26.4 20.6 35.0 15.2 0.9 0.6 1.3 350 -30.70 0.008 250 11.2 3.1 7.0 
18 Doringbaai PSBS 07/01 4.6 8.1 77.8 4.1 0.4 0.1 4.9 41 -31.97 0.013 400 0.6 2.2 9.1 
19 Doringbaai PSBS 07/03 97.9 0.9 0.6 0.5 0.0 0.0 0.0 101 -32.03 0.001 400 7.9 0.3 9.7 
20 Doringbaai PSBS 07/05 22.7 67.1 9.0 0.8 0.4 0.0 0.0 118 -32.08 0.001 400 2.3 2.4 8.6 
21 Elands Bay Beach 0.8 0.4 50.2 43.9 4.7 0.0 0.0 0 -32.30 0.022 400 0.8 3.3 11.5 
22 Elands Bay Surfzone 7.6 17.6 71.7 2.1 0.7 0.2 0.0 13 -32.30 0.007 400 1.6 3.3 11.5 
23 St Helena Bay St 3 62.2 8.4 17.4 4.4 1.3 0.1 6.0 75 -32.33 0.003 400 6.9 0.5 9.2 
24 St Helena Bay St 4 80.6 13.0 5.6 0.8 0.0 0.0 0.0 107 -32.38 0.002 400 5.0 2.1 8.8 
25 St Helena Bay St 6 9.4 36.4 51.7 1.8 0.4 0.0 0.3 187 -32.46 0.005 400 1.1 2.9 8.6 
26 St Helena Bay St 8 5.7 14.9 44.9 33.3 1.2 0.0 0.1 286 -32.56 0.000 400 1.1 4.1 7.7 
27 St Helena Bay St 10 19.3 13.0 36.0 30.6 1.0 0.0 0.0 391 -32.65 0.010 400 2.6 2.8 8.0 
28 St Helena Bay (Col L) 78.8 12.8 7.4 0.8 0.1 0.0 0.0 412 -32.62 0.003 400 5.6 4.3 6.0 
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Map 
site 
Station name 
Average 
% mud 
Average 
% very 
fine sand 
Average 
% fine 
sand 
Average 
% 
medium 
sand 
Average 
% coarse 
sand 
Average 
% very 
coarse 
sand 
Average 
% gravel 
Depth 
(m) 
Latitude Slope 
Maximum 
Chlorophyll 
Conc. 
(mg.m2) 
% 
Organic 
Carbon 
Summer 
Bottom 
Oxygen 
Conc.  
(ml.l-1) 
Summer 
Bottom 
Temperature 
(°C) 
29 Paternoster Beach 6.3 5.1 84.1 4.4 0.2 0.0 0.0 0 -32.80 0.016 400 0.8 1.8 9.1 
30 Paternoster Surfzone 3.1 22.1 72.5 1.5 0.7 0.2 0.0 12 -32.80 0.007 400 1.6 1.8 9.1 
31 Paternoster St. 2 9.0 29.2 42.3 9.6 8.3 1.4 0.3 25 -32.79 0.007 400 3.9 1.8 9.1 
32 Yzerfontein Beach 1.2 3.1 91.8 3.8 0.0 0.0 0.1 0 -33.32 0.020 175 0.8 3.0 10.0 
33 Yzerfontein Surfzone 5.9 29.4 58.7 3.8 1.2 0.4 0.5 12 -33.32 0.007 175 1.6 3.0 10.0 
34 Yzerfontein St. 2 8.5 37.7 52.7 1.1 0.1 0.0 0.0 26 -33.32 0.012 175 3.9 3.0 10.0 
35 Yzerfontein PSBS 11/01 12.8 22.7 61.1 2.9 0.5 0.0 0.0 27 -33.29 0.012 175 3.9 3.0 10.0 
36 Yzerfontein PSBS 11/03 60.5 12.7 22.6 4.0 0.2 0.0 0.0 94 -33.33 0.005 175 7.5 2.5 8.8 
37 Yzerfontein St. 3 87.0 11.4 1.3 0.3 0.1 0.0 0.0 95 -33.32 0.003 175 4.6 2.5 8.8 
38 Yzerfontein St. 4 30.8 55.9 12.2 0.8 0.3 0.0 0.0 111 -33.43 0.006 175 3.0 2.5 9.1 
39 Yzerfontein St. 5 36.5 50.7 8.5 3.1 1.1 0.1 0.0 191 -33.50 0.002 175 1.9 2.0 9.4 
40 Melkbosstrand Beach 1.0 2.2 89.9 6.8 0.0 0.0 0.0 0 -33.70 0.016 175 0.5 3.0 10.0 
41 Melkbosstrand Surfzone 1.9 28.7 67.5 0.9 0.3 0.1 0.6 11 -33.70 0.009 175 1.6 3.0 10.0 
42 Melkbosstrand PSBS 
14/01 
7.2 67.6 25.1 0.2 0.0 0.0 0.0 13 -33.77 0.004 175 1.6 3.0 10.0 
43 Melkbosstrand St. 2 1.4 68.4 30.0 0.2 0.0 0.0 0.0 24 -33.72 0.007 175 1.6 3.0 10.0 
44 Melkbosstrand PSBS 
14/03 
14.1 77.9 7.5 0.5 0.0 0.0 0.0 87 -33.84 0.003 175 2.5 3.0 10.0 
45 Melkbosstrand PSBS 
14/05 
24.5 16.7 44.1 7.3 7.2 0.3 0.0 150 -33.89 0.005 175 3.5 3.9 8.1 
46 Melkbosstrand St 6 9.9 19.8 44.2 24.2 1.3 0.3 0.3 274 -33.93 0.006 175 0.4 4.4 8.7 
47 Melkbosstrand St 7 21.2 71.3 6.4 0.9 0.1 0.0 0.0 357 -33.86 0.035 175 0.7 3.3 6.7 
48 Cape Point L 21.2 9.6 28.6 56.2 4.5 1.1 0.8 348 -34.32 0.010 175 1.2 2.8 8.3 
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Table 3.2: Summary of correlation coefficients for all combinations of physical 
variables. Dark grey shaded blocks show correlation coefficients greater than 0.7, 
an indication of possible collinearity.  
 Depth Lat % Mud 
% very 
fine sand 
% fine 
sand 
% 
medium 
sand 
% 
coarse 
sand 
% very 
coarse 
sand 
% 
gravel 
Slope 
Max 
Chl 
Conc. 
% 
Org 
C 
O2 
Conc 
Depth --             
Lat -0.04 --            
% Mud 0.23 0.53 --           
% very 
fine sand 
0.10 -0.36 -0.27 --          
% fine 
sand 
-0.36 -0.41 -0.78 -0.12 --         
% 
medium 
sand 
0.07 -0.03 -0.39 -0.34 0.08 --        
% coarse 
sand 
-0.02 0.03 -0.17 -0.18 -0.08 0.41 --       
% very 
coarse 
sand 
0.09 0.05 -0.03 -0.002 -0.07 0.04 0.48 --      
% gravel -0.02 -0.06 -0.03 -0.07 -0.002 0.003 0.06 0.03 --     
Slope -0.26 -0.12 -0.53 -0.27 0.45 0.54 0.11 -0.11 -0.03 --    
Max Chl 
Conc. 
0.11 0.05 -0.007 -0.26 0.12 0.05 -0.000 -0.04 0.15 -0.08 --   
% Org C 0.28 -0.13 0.26 -0.02 -0.23 -0.16 -0.04 0.10 0.22 -0.23 0.14 --  
Bottom 
O2 Conc 
0.32 -0.56 -0.38 0.25 0.26 0.09 -0.01 -0.06 -0.14 0.003 -0.07 0.01 -- 
Bottom 
Temp  
-0.73 0.43 0.07 -0.18 0.02 -0.009 0.03 -0.06 -0.07 0.005 0.19 -0.42 -0.31 
 
Correlation coefficients for combinations of physical variables were generally below 0.6 with 
two exceptions (Table 3.2). Depth and temperature were strongly correlated (0.73) as were 
percentage mud and percentage fine sand (0.78). Since the correlation coefficients for these 
variable combinations were above 0.7, they are considered collinear according to the rule of 
thumb (Dormann et al. 2013). However the removal of these variables (i.e. percentage fine 
sand and bottom temperature), which are important in distinguishing between particular 
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groups would possibly lead to false conclusions as these are not perfectly correlated. 
Percentage fine sand is limited in its maximum value by the percentage mud, but varies 
greatly within this range. Bottom temperature ranges between 6 °C and 11 °C, but for any 
given depth, it may vary between 2-3 °C, which is approximately half the range. Therefore, 
these variables were included in the multivariate analyses.  
Multivariate analysis to identify seascapes 
Eight seascapes were identified from the dendrogram (Fig. 3.2) based on all the available 
physical variables.  Seascape 8 and Seascape 1 were the most distinct and least similar to 
all other seascapes consisting of the deepest and shallowest northernmost sites 
respectively. The remaining seascapes formed two distinct groups. The first group consisted 
of sandy seascapes (Seascapes 2-5) and the second group consisted of muddy seascapes 
(Seascapes 6 and 7). The sandy seascapes were further distinguished by depth, namely 
Seascapes 2 and 3 shallower than 40 m, Seascape 4 between 60 m and 140 m depths and 
Seascape 5 between 150 m and 380 m. The two shallow sandy seascapes (2 and 3) were 
from two different upwelling provinces, namely Cape Columbine-St Helena Bay and 
southern Cape respectively. Two distinct muddy seascapes (Seascapes 6 and 7) were 
identified and distinguished by organic carbon content. 
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Figure 3.2: Eight seascapes defined from the dendrogram of Euclidean distances between 
samples, linked using the group average method and based on normalised environmental 
data. Each group is colour-coded.  
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SIMPER analysis revealed that all the included physical variables in various combinations 
were responsible for distinguishing seascapes (Table 3.3) with one exception, percentage 
very coarse sand. The PCO plot (Fig. 3.3) revealed that samples from Seascapes 1-3 from 
the shallow depths were most similar to each other and were separated by a combination of 
slope, percentage medium sand, percentage fine sand and latitude. Seascapes 6 and 7 
separate out clearly on the PCO plot from the remaining seascapes by mud content (Fig 
3.3). Seascape 6 is distinguished from Seascape 7 by latitude, organic carbon and 
maximum chlorophyll concentration. Seascape 4, although similar to Seascape 7 in depth 
range, is separated by high very fine sand content, low organic carbon content and higher 
bottom oxygen concentration. Seascape 5 is very similar to Seascape 4 but deeper with 
higher fine sand content. The two PCO axes (Fig. 3.4) explained approximately 40 % of the 
total variation in the multivariate data.  
Table 3.3: Top three variables responsible for distinguishing pairs of seascapes 
from the SIMPER analysis. Max Chl conc.=Maximum Chlorophyll a concentration 
(mg.m2), Bottom Oxygen= Austral summer seafloor oxygen concentration (ml.l-1), 
Bottom  Temp.=Austral summer seafloor temperature. 
Seascape 1 2 3 4 5 6 7 
2 
% medium sand 
Slope 
% coarse sand 
      
3 
% medium sand 
Slope 
Latitude 
Max Chl conc. 
Latitude 
Bottom Oxygen 
     
4 
% very fine 
sand 
% medium sand 
Slope 
% very fine 
sand 
Max Chl conc. 
% fine sand 
% very fine 
sand 
% fine sand 
Depth 
    
5 
Slope 
Depth 
% medium sand 
Depth 
Bottom Temp. 
Max Chl conc. 
Depth 
Max Chl conc. 
Bottom Temp. 
% very fine 
sand 
Max Chl conc. 
Depth 
   
6 
Slope 
% medium sand 
% mud 
% fine sand 
% mud 
Latitude 
% fine sand 
Latitude 
% mud 
% very fine 
sand 
Latitude 
% mud 
Latitude 
Bottom Oxygen 
% mud 
  
7 
% gravel 
Slope 
% medium sand 
% gravel 
% organic 
carbon 
% fine sand 
% gravel 
% organic 
carbon 
% fine sand 
% gravel 
% very fine 
sand 
Max Chl conc. 
% gravel 
% organic 
carbon 
Bottom Oxygen 
% gravel 
% organic 
carbon 
Latitude 
 
8 
% organic 
carbon 
Bottom Temp. 
Depth 
% organic 
carbon 
Depth 
Bottom Temp. 
Depth 
% organic 
carbon 
Bottom Temp. 
% organic 
carbon 
Bottom Temp. 
Depth 
% organic 
carbon 
Bottom Temp. 
Max Chl conc. 
% organic 
carbon 
Bottom Temp. 
Depth 
% organic 
carbon 
Depth 
Bottom Temp. 
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Figure 3.3: Principle Components Ordination plot explaining approximately 40 % of 
the variation in the samples. Groups are indicated according to the legend. 
BotOxygen=bottom oxygen concentration (ml.l-1), Max chl mg/m2=maximum 
chlorophyll a concentration (mg.m-2), %C=percentage organic carbon, 
%vf=percentage very fine sand, %f=percentage fine sand and %m=percentage 
medium sand. Vector length indicates the correlation between multivariate data 
and physical variable.  
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Figure 3.4: Comparison across Seascapes (1-8) of (average+1SD) depth, slope, 
maximum chlorophyll value, % mud, % very fine sand, % fine sand, % medium 
sand, % organic carbon and bottom oxygen concentration. 
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Seascapes 1, 2 and 3 represented the shallowest sites (mostly beach and nearshore sites 
shallower than 30 m, Fig. 3.4) and were distinguished by slope greater than 2 % and high 
percentage medium sand (Seascape 1), high maximum chlorophyll concentration (365 mg 
Chl.m-2, Seascape 2) and low maximum chlorophyll concentration with most southerly 
latitudes (175 mg Chl.m-2, >33 °S, Seascape 3). Seascapes 4 and 5 represented the sandy 
sediments and were distinguished from each other by very fine sand content, maximum 
chlorophyll concentration and depth. Seascape 5 was found deeper, had more variable 
maximum chlorophyll concentration, lower very fine sand and higher fine sand content than 
Seascape 4. Seascapes 6 and 7 were distinguished from all other seascapes by high 
percentage mud (>50 %) and low bottom oxygen (mostly <2ml.l-1). Seascape 6 was found 
in the lower latitudes (29 °S) with low organic carbon and very high mud content (around 
80 %). Seascape 7 had the highest gravel content (<5 %) and high organic carbon content 
(averaging around 6 %). Seascape 8 consists of the deepest sites with the highest organic 
carbon content and the coldest temperatures (>350 m, averaging around 8 % organic 
carbon, 6-7 °C).    
When the seascapes were mapped (Fig. 3.5) it became clear that there were three depth 
zones, inner shelf including the beach (0-40 m depth), middle shelf (40-200 m), outer shelf 
(142-412 m). Seascape diversity was greatest in the waters shallower than 200 m, where 
the inner and middle shelves each encompassed three seascapes related strongly to latitude 
and upwelling province, while the outer shelf had two seascapes that stretched from north 
to south on the South African west coast separated by organic carbon content.  
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Seascape descriptions 
1: shallow, medium max. chlorophyll conc., steep sloped (>2 %), high medium and fine  sand content 
2: shallow, high max. chlorophyll conc., less steep slope (± 1 %), high fine sand content 
3: shallow, low max. chlorophyll conc., less steep slope (± 1 %), high fine sand content 
4: middle shelf (40-200 m), low max. chlorophyll conc., high very fine sand and no gravel content,  variable oxygenation (2-3 ml.l-1) 
5: outer shelf (200-380 m), variable max. chlorophyll conc., high fine sand content 
6: middle shelf (40-200 m), medium max. chlorophyll conc ., high mud and no gravel content, low gravel content, hypoxia (<2 ml.l-1), high 
sedimentation rates, low organic carbon content (<2 %) 
7: middle shelf (40-200 m), high max. chlorophyll conc ., high mud and low gravel content, hypoxia (<2 ml.l-1), low sedimentation rates, 
high organic carbon content (4-7 %) 
8: outer shelf (>300 m), medium max. chlorophyll conc., high fine sand content, high organic carbon (5-11 %) 
Figure 3.5: Spatial distribution of Seascapes 1-8, identified in this study, across the 
west coast of South Africa, including description of Seascapes. 
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Discussion 
Marine unconsolidated sediment ecosystems are maintained by physical processes (like 
water currents) rather than physical structures (such as rocky reefs). Therefore a seascape 
habitat classification framework, based on physical processes, was well suited for defining 
habitats and investigating habitat diversity of the ecosystems. Eight seascapes were 
identified for the South African west coast based mainly on slope, depth, latitude, bottom 
oxygen concentration, sediment grain size, and sediment organic carbon content. Three 
very clear patterns in seascape diversity were evident on the South African west coast; (i) 
three depth zones were revealed across the shelf, namely inner shelf (<40 m depth), middle 
shelf (40-200 m), and outer shelf (142-412 m), (ii) the number of distinct habitat was 
greatest in waters shallower than 200 m, which is approximately the middle shelf on the 
South African west coast, and (iii) within 0-200 m, habitats were essentially separated by 
upwelling province. 
The three depth zones uncovered in this study differed from those of other habitat 
classifications that also distinguished three zones (Greene et al. 1999, Roff and Taylor 2000, 
Roff et al. 2003, Valentine et al. 2005, Madden et al. 2009). Existing habitat classifications 
recognised the intertidal, the inner shelf (<30 or 50 m) and the deeper shelf (beyond the 
infratidal to 200 m or the shelf break) as three distinct zones. In the current study, adjacent 
beaches and inner shelf areas (<40 m depths) formed single seascapes, based on depth, 
sediment characteristics and slope, rather than distinct physical habitats (beach and 
nearshore). This result supports the concept of beaches and surfzones being extensions of 
the same system due to the movement of wave energy and sediment across them (Brown 
and McLachlan 1990, Hesp 2012). The seaward extent of wind and wave turbulence is 
generally accepted to be around 30 m depth (Huthnance 1995, Rogers and Rau 2006, 
Estrade et al. 2008), which is supported by biological evidence (Day et al. 1971, Christie 
1976, McLachlan et al. 1984, Bergen et al. 2001, Janssen et al. 2008, Armonies et al. 
2013). In most habitat classification frameworks the intertidal and inner shelf are 
considered distinct depth zones due to tidal immersion-emersion cycles on beaches 
compared to permanent submergence of the inner shelf (Davies et al. 2004). The exclusion 
of variables representing the tidal influence from this west coast study was likely 
responsible for the absence of physical distinction between these two depth zones. 
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A distinction between the middle and outer shelves has not been recognised in most habitat 
classifications  (Greene et al. 1999, Roff and Taylor 2000, Roff et al. 2003, Valentine et al. 
2005, Madden et al. 2009). However, a few studies have distinguished the middle from the 
outer shelf based on significant change in light penetration between them (Connor et al. 
2004, Huang et al. 2011). On the South African west coast, the distinction between middle 
and outer shelf was based on sediment type and productivity resulting from upwelling. The 
middle shelf consists of terrigenous sediment and is more depositional in nature, therefore 
fine sediment fractions (mud and very fine sand) dominate this area (Rogers and Bremner 
1991, Rogers and Rau 2006). The middle shelf is also likely to be most influenced by 
productivity and related variables (i.e. organic carbon deposits and hypoxia) due to its 
depositional nature. Variations in productivity along-shore resulted in three habitats being 
distinguished in the inner and middle shelf depth zones corresponding to upwelling province. 
Thus productivity may be key biophysical feature of eastern boundary upwelling regions.  
Productivity was not considered in the seascape classification framework by Roff and Taylor 
(2000) due to their focus on exclusively geophysical processes. However, upwelling leads to 
phytoplankton blooms (i.e. productivity) that underpin the food web of eastern boundary 
current ecosystems. The sinking phytoplankton results in the deposition of organic debris on 
the seafloor, creating areas of organic carbon-rich deposits (Bailey 1991, Rogers and 
Bremner 1991, Monteiro and van der Plas 2006, Rogers and Rau 2006), which influence the 
distribution of species and communities in unconsolidated sediments (Quijon et al. 2008). 
The decay of organic debris on the seafloor uses oxygen from the water column leading to 
seasonal or permanent hypoxia or anoxia (Bailey 1991, Monteiro and van der Plas 2006, 
Chavez and Messié 2009, Montecino and Lange 2009, Jarre et al. in prep), thus impacting 
the composition and distribution of benthic communities (Ingole et al. 2010, Hernandez-
Miranda et al. 2012). Productivity should therefore be included in seascape classifications in 
order to distinguish habitats in upwelling regions. 
Primary production (mg C.m-2.day-1) was included in the development of seascapes in 
Australia (Whiteway et al. 2007, Heap et al. 2010). The Australian seascape map 
distinguished areas of high or low productivity improving on the purely geophysical 
classification. Productivity may vary considerably within upwelling regions due to the 
variable intensity of the upwelling centres (Demarcq et al. 2007). These may influence 
benthic communities and should therefore be considered in habitat classifications. In other 
existing habitat classification frameworks, productivity or related variables (i.e. anoxic or 
organically enriched sediments, or anoxic bottom water) have either been ignored 
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(Valentine et al. 2005), added as a modifier of the habitat classification (Greene et al. 1999) 
or used to define unique sediment features (Davies et al. 2004). Upon testing, the 
Australian seascapes adequately represented the macrofauna communities of 
unconsolidated sediments in homogenous areas, but failed to adequately represent the 
communities of heterogenous areas regardless of productivity (Heap et al. 2010, 
Przeslawski et al. 2011). It is therefore imperative to test seascapes against biological data 
to determine whether the inclusion of productivity in distinguishing physical habitats is 
biologically relevant (Heap et al. 2010).  
Greater habitat diversity in the inner and middle shelves than the outer shelf was due to the 
more variable nature of processes on the shallow shelf. Gray et al. (1997) suggested that 
the heterogeneous shelf environment contains a greater number of habitats than the more 
homogeneous deep-sea environment. The influence of rivers as well as variable productivity 
and wave turbulence along-shore may be considered responsible for the high habitat 
diversity. Studies in Australia have concurred that the shelf has greater habitat diversity 
than the deep-sea, however it cannot be determined from these studies whether greater 
habitat diversity exists on the inner and middle shelves (Whiteway et al. 2007, Huang et al. 
2011). It is essential that the biota for this region be investigated in order to determine 
whether biological communities provide evidence for higher habitat diversity on the shelf 
than in the deep-sea. Studies elsewhere have supported (Ellingsen 2002) or conflicted with 
the results of the current study (Karakassis and Eleftheriou 1997, Bergen et al. 2001).  
Unique features of unconsolidated sediments may be important in process-based seascape 
habitat classifications. In the outer shelf, two distinct seascapes were distinguished based 
on bottom temperature and organic carbon content. This implies that deep (or cold) 
organically-enriched shelf sediments may constitute unique habitats as proposed in the 
European Nature Information System (EUNIS) habitat classification (Davies et al. 2004). 
The shelf edge generally has high water movement as a result of slope currents (Huthnance 
1995) and internal tides (Monteiro et al. 2005), which prevents the deposition of organic 
matter and fine sediment. Therefore organically-enriched shelf edge habitats indicate areas 
subject to unusual physical processes which are currently not well understood. The habitat 
category of unique features therefore allows for the distinction of physical habitats based on 
uniqueness rather than a specific driving variable particularly when the drivers are 
unknown.   
The seascape classification framework (Roff and Taylor 2000, Roff et al. 2003), specifically 
for the continental shelf of upwelling regions, may be enhanced by the results of the current 
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study. The purpose of the current study was to practically investigate the process of 
seascape classification based on observed data rather than to produce a seascape map for a 
particular area (Whiteway et al. 2007, Huang et al. 2011). Therefore point data were 
inputted as equally weighted and no classification hierarchy was imposed on the data 
following a number of previous studies (Verfaillie et al. 2009, de Juan et al. 2013). Thus the 
results of this study can be used to propose a hierarchical classification based on data. 
Seascapes were distinguished based on sediment type and depth as expected, but also on 
productivity-related variables. These variables are surrogates for higher level processes.  
 
Sediment type, always included in unconsolidated sediment habitat classifications, is the 
result of water movement, including wave, wind and current turbulence (Gray 1981, Brown 
and McLachlan 1990, Roff and Taylor 2000, Post et al. 2006). Depth, also included in all 
habitat classifications, is known to be correlated with a number of variables, including 
pressure, temperature, light attenuation, wave turbulence, bottom oxygen concentration 
and food availability (Grassle and Maciolek 1992, Bergen et al. 2001, Davies et al. 2004, 
Currie et al. 2009). Productivity, a biophysical process, within the Southern Benguela is 
variable according to upwelling province (Demarcq et al. 2007) due to the characteristics of 
the three upwelling cells along the South African west coast. The inclusion of productivity in 
seascape classification is therefore imperative in order to best represent physical habitats in 
upwelling regions. A revised seascape classification framework is proposed for marine 
unconsolidated sediments of continental shelves in upwelling areas (Fig. 2.6). The revision 
aims to enhance the current framework through the addition of a category for unique 
feature habitats, and of productivity as a biophysical variable. 
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Figure 2.6: A revised hierarchical process-based seascape classification framework 
for marine unconsolidated sediments of continental shelves in upwelling regions. 
 
The way forward would be to test the seascape classification in the current study against 
biological data and to determine the biologically relevant ranges of physical variables. These 
will form the rules of classification for producing a seascape habitat map in Geographical 
Information Systems software. In Australia, a biodiversity layer was incorporated in the 
seascape classification and mapping in order to determine finer-scale seascapes particularly 
in heterogenous areas (Heap et al. 2010). The integration of the biodiversity layer into the 
map improved the distinction of finer-scale habitats. Thus by incorporating the diversity 
layer, seascapes were considered more biologically relevant, although testing has not been 
completed.  
The seascape habitat classification and map (derived from GIS analyses) could be tested in 
eastern boundary upwelling regions elsewhere in the world. These are areas with similar 
physical and chemical environments to the west coast of South Africa, namely the Canary, 
Humboldt and California Current upwelling regions (Chavez and Messié 2009, Montecino and 
Lange 2009). Habitat classifications have been developed for the USA (Greene et al. 1999, 
Madden et al. 2009) and Europe (Davies et al. 2004) but these have included upwelling as a 
modifier of the habitat classification or as unique organically-enriched habitats, so have not 
incorporated upwelling-influenced habitats directly into the classification of unconsolidated 
1: Sediment type 
(mud, sand, gravel, mixed) 
2: Depth  
(intertidal, inner shelf, middle shelf, outer shelf) 
3: Slope or Productivity Unique feature habitats 
(defined at any level) 
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sediment habitats. The proposed seascape classification framework incorporates upwelling-
influenced habitats in the classification using productivity as a distinguishing variable unlike 
other habitat classifications (Greene et al. 1999, Davies et al. 2004, Madden et al. 2009).  
In conclusion, this study defined several seascapes on the South African west coast shelf, 
based on geological, oceanographic and biophysical processes, a first for unconsolidated 
sediments of South Africa. From these seascapes, it was determined that productivity and 
unique physical/topographic features should be included in the seascape habitat 
classification framework. The influence of organic loading due to upwelling processes may 
distinguish seascapes at the fine scale. Therefore it is suggested that the seascape 
classification framework should incorporate productivity measures directly so that 
unconsolidated sediments from upwelling regions are included in the classifications. The 
utility of seascapes as biodiversity surrogates has not yet been ascertained as studies have 
produced both negative (Stevens and Connolly 2004) and positive (Przeslawski et al. 2011) 
results. It is however important to test seascapes against biological data until such time as 
the key physical processes for predicting community diversity in unconsolidated sediments 
are established. These key geophysical features should be included in habitat classifications 
to better predict community distribution patterns at an appropriate ecological scale. 
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Appendix 3.1: Description of the Austral Summer Bottom Oxygen 
Concentration (ml.l-1) and Austral Summer Bottom Temperature maps 
for the west coast of South Africa 
 
Bottom oxygen concentration (ml.l-1) and bottom temperature (°C) were measured 
randomly across the west coast shelf in January and February of 2006-2010 encompassing 
the sampling period for this thesis. These data were plotted on the map of the west coast 
and values between them were extrapolated by kriging.  The mapping was carried out by Dr 
Tarron Lamont, Department of Environmental Affairs: Oceans and Coasts, specifically for 
the purposes of this thesis and are shown in Figures 3.7 and 3.8 below.  
The map of bottom temperatures measured in January and February (i.e. mid upwelling 
season) averaged over the period of 2006-2011 (Fig. 3.7) showed that the temperatures 
varied between 2.5 °C on the continental slope and 15 °C in the nearshore, generally 
increasing up the continental shelf. Exceptions to this general pattern were found over 
Orange and Child’s Banks, where temperatures were higher (approximately 10 °C) than the 
surrounding shelf. In the inshore, the highest temperatures were found at the mouth of the 
Orange River to just deeper than 100 m and in the recirculation zone of St Helena Bay. 
Temperatures across the inner and outer shelves were fairly consistent around 9-9.5 °C and 
8-9 °C respectively. However along the shelf edge (i.e. just shallower than the 500 m 
bathymetry line), the temperature dips to 7 °C.  
The map of austral summer bottom oxygen concentration (ml.l-1) also consists of data that 
were measured in January and February, averaged over the period of 2006-2011 (Fig. 3.8). 
Bottom oxygen varied ranged between 0 ml.l-1 in the inner and middle shelves and 5 ml.l-1 
at the shelf edge. Hypoxic conditions were limited to depths shallower than 150 m, and 
oxygen concentrations gently increased across the shelf to the shelf edge.  
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Figure 3.7: Map of austral summer bottom temperature (°C) measured randomly 
in January and February over the period of 2006-2010 and extrapolated by kriging.  
The stippled lines indicate the 100 m, 200 m and 500 m bathymetry lines. 
Numbers indicate temperature in °C and colours range from purple (2.5°C) to red 
(15°C). 
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Figure 3.8: Map of bottom oxygen (ml.l-1) measured in January and February on 
the demersal trawl survey (conducted by the Department of Agriculture, Forestry 
and Fisheries) averaged over the period of 2006-2010. The stippled lines indicate 
the 100 m, 200 m and 500 m bathymetry lines. Numbers indicate oxygen 
concentration in ml/l and colours range from purple (0 ml.l-1) to red (5 ml.l-1).  
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Chapter 4  
Linking macro-infaunal patterns and driving 
processes to define marine unconsolidated 
sediment biotopes 
Abstract 
Biotopes combine biological communities and their habitats, described by physical 
drivers such as depth and sediment type, into tractable ecological units for 
ecological research and spatial planning. This chapter aimed to (i) investigate 
macro-infaunal community patterns and distributions (ii) identify driving variables 
to propose generalised patterns on the continental shelf, and (iii) combine the 
communities and physical drivers into biotopes. The South African west coast 
represents a case study with application for other eastern boundary current 
ecosystems. Replicate macro-infaunal samples were collected from 48 sites along 
the west coast, from the beach to the shelf edge (0-412 m) covering several 
depth ranges and three upwelling provinces. The sampling techniques varied with 
depth and included beach excavation, diver-suction and grab sampling. 
Multivariate and univariate analyses were used to explore patterns in species 
distribution, species density and biological communities. PERMANOVA, conditional 
inference tree (CTREE) and Distance-based Linear Model (DistLM) analyses were 
used to identify major physical variables that correlated with macro-infaunal 
diversity patterns. Species were broadly distributed across many habitats 
although their abundances varied. Seven clear communities were identified. 
These included one community per depth zone for the beach, inner shelf, outer 
shelf and shelf edge, and three communities in the middle shelf. The Distance-
based Linear Model revealed that all the physical variables combined explained 
only 40% of the variability in the biological communities. The DistLM showed that 
a combination of physical factors that best explained the variation in sites 
consisted of mud, very fine sand and organic carbon content, depth, latitude, 
slope and bottom oxygen concentration. A conditional inference tree (CTREE) 
analysis revealed that depth, latitude and sediment grain size best discriminated 
the communities. These physical variables were used to develop a biotope 
classification that linked the seven biological communities to their physical 
habitats. A conceptual model was developed that identified proposed higher level 
processes that drive variability in these major physical variables. These higher 
level processes include water movement (i.e. wave energy and currents), 
upwelling-related productivity, benthic-pelagic coupling and terrigenous sediment 
deposition. Functional traits of characteristic and distinguishing species of the 
seven biotopes provided support for the postulated higher level driving processes. 
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Introduction 
There is a discrepancy in the level of understanding of environmental processes 
structuring macro-infaunal communities of intertidal systems versus those of 
subtidal unconsolidated sediments. A large body of work exists on the ecology of 
sandy beaches (Brown and McLachlan 1990, Jaramillo and McLachlan 1993, 
McLachlan et al. 1993) and in recent years datasets and published papers have 
been used in meta-analyses and reviews to reveal large-scale patterns in beach 
macrofauna (Defeo and McLachlan 2005, 2011). Subtidal benthic ecology lags 
behind due to the difficulties and expense of sampling and the overwhelming area 
to be covered. Research conducted to date has focussed mainly on observing 
patterns in macro-infauna and identifying drivers responsible for them (Field 
1971, Gray 1981, Gage 1996, Snelgrove 1999, Levin et al. 2001, Gage 2004, 
Hewitt et al. 2005). Currently no formalised conceptual framework exists for 
predicting the community response to environmental variables in subtidal 
sediments. It is imperative that the most influential drivers of subtidal macro-
infauna community distributions be identified in order to improve predictive 
power in benthic ecology.  
Marine unconsolidated sediment communities are considered physically-controlled 
(Gray 1981, Brown and McLachlan 1990, Hockey and Branch 1994). The 
distribution of macrofaunal communities have therefore been related to a number 
of physical variables most frequently depth and sediment grain size (Gray 1981, 
McLachlan et al. 1993, Bergen et al. 2001), but also upwelling and organic 
loading (Bally 1987, Ramey and Snelgrove 2003, Lastra et al. 2006, Quijon et al. 
2008), hypoxia (Hernandez-Miranda et al. 2012), sediment stability (Post et al. 
2006), water currents (Post et al. 2006), habitat heterogeneity (Buhl-Mortensen 
et al. 2012, de Juan et al. 2013), wave turbulence (McLachlan et al. 1984, Paavo 
et al. 2011) and topographical features (Janssen et al. 2008). Various 
combinations of these processes have been used to explain observed macro-
infaunal community distributions, but these have not been organised into a 
conceptual framework that can be tested.  
Biotopes are useful surrogates for macro-infaunal diversity because they are 
based on the relationships between communities and their physical drivers 
organised into a habitat (Conner et al. 2004, Olenin and Ducrotoy 2006). These 
biotopes are generally described by depth, sediment characteristics and dominant 
organisms in existing habitat classifications (Connor et al. 2004, Davies et al. 
2004, Valentine et al. 2005, Madden et al. 2009). Depth zones often include 
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intertidal, nearshore (i.e. subtidal shallower than 30m), shelf and deep-sea zones 
in such habitat classifications. Sediment characteristics most commonly refer to 
grain size, but may include characteristics such as sediment mobility (Valentine et 
al. 2005). The communities are described by dominant organisms, which may be 
functional groups (e.g. worm tubes; Greene et al. 1999) or genera, or more 
recently multivariate analyses on macro-infauna data have been used to 
distinguish the communities that define biotopes (Schumchenia and King 2010). 
The biotopes may be used as units for ecological studies (Buhl-Mortensen et al. 
2012), ecosystem assessment (Teck et al. 2010, Salomidi et al. 2012), 
management and spatial planning initiatives (Giakoumi et al. 2012, Giakoumi et 
al. 2013)  
The aims of this chapter were three-fold. Firstly, it aimed to examine macro-
infauna community distribution patterns on the continental shelf of an Eastern 
Boundary Upwelling Ecosystem, using the Southern Benguela Upwelling Region in 
South Africa as a case study. The second aim was to identify potential drivers of 
observed macro-infauna community distributions. The relationships between 
communities and their drivers would be combined into a conceptual framework 
describing the processes responsible for the observed community distributions. 
The final aim was to define biotopes through the combination of observed macro-
infaunal communities and their physical habitats.    
Methods 
This is the most comprehensive data set for the unconsolidated sediments of the 
South African west coast despite the opportunistic nature of sampling. It was 
intended to be six transects from the beach to the shelf edge at several depth 
ranges. Two transects were planned for each of three clearly defined upwelling 
provinces based on chlorophyll indices, namely the Orange River-Namaqua, Cape 
Columbine-St Helena Bay and Southern Cape upwelling provinces (Demarcq et al. 
2007).  The resultant survey came close and with the added two data sets (see  
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Figure 4.1: Stations that were sampled (open symbols and stars, 1-10 
replicates) and where sampling was attempted but unsuccessful (grey 
circles) along the west coast of South Africa. The insert indicates the 
region of South Africa magnified in the larger map. Sampling method is 
indicated by distinct symbols; triangles = beach excavation samples, 
stars = suction samples sieved over a 4mm mesh, squares = suction 
samples sieved over a 1 mm mesh, and circles = grab samples. 
Upwelling provinces (Demarcq et al. 2007) are delineated by green 
stippled lines and text. 
 
section entitled Additional data obtained opportunistically), five (approximate) 
transects across the three upwelling provinces were sampled. This survey 
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therefore has a broader spatial extent than most benthic macrofauna studies that 
consist of single transects (e.g. Bergen et al. 2001, Ingole et al. 2010). 
Forty sites were sampled with 1-5 replicates per site and eight sites were sourced 
opportunistically with either 5 or 10 replicates per site. Medium resolution 
sampling (0.2 m2, e.g. grab sampling) was employed over a large extent/scale 
(>100 kms) in a way that prevented spatial autocorrelation. This allowed for a 
close relationship between the physical environment and biological data (Hewitt 
et al. 1998), as well as the identification of large-scale processes in distinguishing 
macrofauna communities (Fowler-Walker et al. 2005).  Three different sampling 
methods were employed, each specific to the environmental conditions, which 
was very different from the beach to the shelf edge.  
Beach sampling 
Beaches on the dissipative end of the gradient of beach morphodynamic types 
longer than 2 km were chosen along the open coast at five of the sites, i.e. 
Melkbosstrand, Yzerfontein, Paternoster, Elands Bay, and within the proposed 
Namaqua Marine Protected Area (MPA) at Platbaai. Sampling the most dissipative 
beaches increased the likelihood that the most diverse beaches were used in 
these analyses according to the Swash Exclusion Hypothesis (McLachlan et al. 
1993). For beaches of length less than 2 km there may be a relationship between 
species richness and beach length (Brazeiro 1999) so in order to avoid this 
complication of edge effects, beaches with lengths greater than 2 km were 
chosen for the current study where possible. The exception was the most 
northerly site, McDougal Bay (Port Nolloth), a pocket beach of length less than 
2 km was sampled. However as it was sheltered by an observed subtidal reef 
outcrop it tended towards dissipative. The high shore wall might have impacted 
on high-shore species but it was the only beach available for sampling in that 
area. Other beaches in the same area are frequently eroded by storms.  
Five replicate samples equivalent to an area of 0.2 m2 and 30 cm depth were 
collected randomly alongshore on the effluent line (i.e. where the groundwater 
intersects the beach). The effluent line represents one of four across-shore zones 
on the beach, therefore not all beach macro-infauna were sampled in the current 
study. Air-breathing high-shore species would have been excluded (Brown and 
McLachlan 1990). A depth of 30cm was sampled as this is the general depth 
within which beach macrofauna are known to occur (Brown and McLachlan 1990). 
Samples were sieved through 1mm-mesh sieve using sieve bags and the 
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remaining sediment and organisms were emptied into buckets. The organisms 
were removed either through elutriation until no specimens were found three 
successive times, or the entire sample was taken to the laboratory for processing 
as for all other samples. 
Subtidal sampling 
Shallow nearshore (11-13 m depth range) 
A diver-operated suction sampler was used to collect five replicate samples of 
0.1 m2 to 20 cm deep within the 11-13 m depth range (Fig. 4.1, ‘stars’). Given 
that 25% of the species occur within the top 20 cm of sediment in the shallow 
subtidal zone (Christie 1976b) sediment was excavated to a depth of 20cm for 
these samples. Although these samples should have been sieved with a 1 mm-
mesh sieve bag, a sampling error led to the use of a 4 mm-mesh bag. A 
comparison with Christie (1976b) and (Christie 1976a) indicated that 20-90 % of 
the species were retained in the current study acknowledging that the large 
temporal change between these studies and the current study could not be 
quantified (see Results section for a more detailed explanation). 
Deep nearshore (24-26 m depth range) 
On the four southernmost transects a diver-operated suction sampler was used to 
collect between three and four replicate samples of 0.1 m2 to a depth of 15 cm 
within the 24-26 m depth range. This depth range could not be sampled for the 
northernmost transects due to divers being restricted to operating in close 
proximity to medical facilities. Only three sites (Sites 31, 34 and 43 on Fig. 4.1) 
were sampled. Due to rocky reef dominating the Elands Bay region, no samples 
were collected there. The samples were sieved through a 1 mm-mesh bag and 
the remaining sediment and organisms collected.  
Offshore sampling (13 m, 42-380 m depth range) 
At each site between one and five grab samples were taken with a 0.2 m2 van 
Veen grab (to a sediment depth of about 10 cm). Replicate numbers varied due 
to time constraints aboard the ship. Sample volumes varied from 1-25 litres. 
Usually samples smaller than five or six litres would be discarded, but all samples 
were included in the analysis due to the expense of obtaining samples. 
Differences in sample size were related to sediment texture (Christie 1975), but 
in some cases it was suspected that the shallow penetration of the grab resulted 
from aggregation of sandy sediments with microbes forming a gelatinous 
sediment (Site 25). Samples were washed over a 1 mm mesh sieve aboard the 
Chapter 4: Marine unconsolidated sediment biotopes 
91 
 
ship to ensure that only macrofauna (i.e. fauna >1 mm in size) were collected, 
and fine sediment was removed.   
Additional Data obtained opportunistically  
Data from five non-impacted sites between 100 m and 140 m depths (Fig. 4.1, 
site numbers) were sourced from a marine diamond mining company, De Beers 
Marine Ltd. In addition, data from three sites on the shelf edge (350-412 m), off 
Cape Point, Cape Columbine and Child’s Bank, were sourced from  Atkinson et al. 
(2011).  The methods were comparable, using grab samples with sediments 
sieved over a 1 mm mesh sieve. 
All macrofauna samples, including the De Beers samples, were fixed in 10% 
formalin in order to preserve the fauna, and later transferred to 1% propylene 
phenoxytol for storage. Samples from Atkinson et al. (2011) were stored in 96% 
ethanol. 
Laboratory analyses of biological material 
The macrofauna was sorted, identified to the lowest possible taxonomic level 
(generally genus and species), counted and wet weighed (g.0.2m-2 to the nearest 
0.0001 g). Less well-described taxa (such as nemerteans) or incredibly diverse 
phyla (such as nematodes), were grouped into higher taxonomic groups. Biomass 
was determined by blotting the organisms dry before weighing (to 0.0001g). All 
invertebrates, like polychaetes were removed from their tubes for weighing but 
mollusc weight included the shells conforming to the methods of Steffani (2007) 
and Atkinson et al. (2011). Empty mollusc shells were excluded from the 
analysis.  
 
Since three different datasets were combined in the current study, photographic 
comparisons of species were made where available to ensure consistent naming 
of species. Taxa were grouped at the genus or family level when species could 
not be verified between datasets.  World Register of Marine Species (WoRMS 
2012, www.marinespecies.org) was used to ensure that the most recent species 
names were utilized in the current study.  
 
Information regarding the functional traits of species was derived from the 
literature; and three websites namely the Marine Species Identification Portal 
(species-identification.org), the Biological Traits Information Catalogue (BIOTIC, 
www.marlin.ac.uk/biotic/), and the Marine Macrofauna Genus Trait Handbook 
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(http://www.genustraithandbook.org.uk). Unpublished datasets were also used 
namely Fleddum unpublished dataset and Atkinson unpublished dataset. 
Numerical Analysis 
Data transformation 
To ensure comparability for the abundance and biomass data, values for the diver 
suction samples were converted to an area of 0.2 m2. The shallow inshore 
samples were included in the analyses with the deep inshore samples, but the 
difference in mesh size were considered in the interpretation of the results (of the 
suction samples) because smaller species would have been under-sampled, 
reducing the species richness, abundance and biomass for these stations (see 
Results section for more detail). 
 
Multivariate analyses to identify macro-infaunal communities 
Non-parametric multivariate analyses were applied to the species abundance and 
biomass data using the PRIMER v6 (Plymouth Routines in Multivariate Ecological 
Research (Clarke 1993, Clarke and Warwick 2001, Clarke and Gorley 2006) and 
PERMANOVA (Anderson et al. 2008) software. The abundance and biomass values 
were fourth-root transformed to reduce the weighting of abundant/larger species 
(Field et al. 1982). The transformed data were converted into a similarity matrix 
using the Bray-Curtis similarity measure, which disregards cases of joint species 
absences.  
Opportunistic sampling led to an unbalanced three way mixed model in 
PERMANOVA (Anderson et al. 2008). The three factors were: (i) upwelling 
province as a fixed effect with three levels, (ii) transect as a random effect (5 
levels) nested in upwelling province, and (iii) depth range as a fixed effect with 
seven levels. The model was unbalanced due to missing data in particular depth 
ranges on the Port Nolloth and Yzerfontein transects. The PERMANOVA analysis 
made use of the Type III (partial) sums of squares which determines the 
minimum amount of sums of squares (SS) attributable to a given term. Type III 
fits all the other terms except the one that is being tested, then finally fits the 
term being tested and shows the SS attributed to that term. The residuals were 
permuted under the reduced model 9999 times. PERMDISP (i.e. distance-based 
test for homogeneity of multivariate dispersions) and ANOSIM analyses were 
performed on each factor in order to better understand the results of the 
PERMANOVA analysis.  
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Patterns in community structure were explored using Cluster analysis, based on 
group average linkage method. Multi-Dimensional Scaling (MDS) ordination was 
applied to graphically represent the similarities among samples and more clearly 
define macro-infaunal assemblages into community groups. Similarities among 
beach samples were further investigated through a separate cluster analysis to 
determine whether finer scale communities could be distinguished. A cluster 
analysis was also conducted on data from samples in the 0 m to 41 m depth 
range, since these samples were collected by three different sampling methods 
(grab and  suction with a 4 mm/1 mm mesh sieve bag), to explore the 
relationships among comparable data.  
Description of biotopes on the South African west coast 
The SIMPER analysis (i.e. Similarity Percentages) on fourth-root transformed 
abundance data was used to identify the species that contributed most to the 
similarity within, and dissimilarity between biotopes. Thus community 
characterising and distinguishing species were identified. 
Comparison of biological descriptors for biotopes 
Species density (spp.0.2m-2), abundance (no. indivs.0.2m-2) and biomass 
(g.0.2m-2) were calculated for each sample. ANOVAs were conducted to 
determine whether the mean species density, number of individuals (mean 
abundance) and biomass were significantly different among biotopes. Diagnostics 
for residuals were examined to determine the validity of the ANOVA tests in R-
statistics (R Core Team 2013). Samples between 10 m and 41 m depths were not 
included in the comparison of species density (as they were not comparable due 
to a discrepancy in area per sample), however these were included in abundance 
and biomass comparisons.  Biomass (g.0.2m-2) per group was divided by 
abundance (no. indivs.0.2m-2) per group to determine average size (g.indiv-1) of 
organisms per group. 
Environmental factors driving biological communities 
Community distributions were mapped to determine any patterns in the 
biogeography of the region. The Distance Linear Model (DISTLM) and distance-
based redundancy (dbRDA) analyses in the PERMANOVA add-in of PRIMER 6+ 
(Anderson et al. 2008) were used to investigate the relationship between the 
multivariate data cloud based on macro-infaunal data and all 14 environmental 
variables described in Chapter 3 of this thesis, including depth, latitude, sediment 
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grain size in weight percentages, bottom oxygen concentration and temperature, 
slope and percentage organic carbon.  
Conditional inference trees (CTREE) were also applied to the full spectrum of 
physical data in order to determine the most natural physical breaks between 
defined communities. CTREE is a recursive partitioning tool in the “party” package 
of R-statistics (Hothorn et al. 2013), which uses permutation tests to test for 
independence between input physical variables and the biological communities 
(i.e. the response). Where independence is rejected, the variable with the 
strongest association to the response is chosen and the partial null hypothesis for 
that single variable is tested producing a p-value for a binary split in the data. 
The steps are then repeated for the split data until no further significant splits can 
be determined. The spatial distributions of communities were investigated to 
determine the geography of these communities. 
Results 
In total the dataset consisted of 44828 individuals (with a total wet weight of 
4591.122g) from 469 taxa at 48 sites (i.e. 231 samples) representing 46.2 m2 of 
seafloor (see Appendices 4.1 and 4.2 for details). These numbers include 4359 
individuals and 96 taxa from other sources (De Beers Marine Ltd 2008-2010, 
Atkinson et al. 2011). The taxa consisted mainly of Polychaeta (208 spp.), 
Crustacea (156 spp.), Mollusca (42 spp.), Cnidaria (14 spp.) and Echinodermata 
(19 spp.). Approximately 40 % of the species were found exclusively in single 
samples although they were rarely singletons.  
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Figure 4.2: Examples of species distributions and abundance for 
common polychaete, mollusc and crustacean species on the west coast 
of South Africa. 
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Species distribution ranges across the west coast are broad in terms of latitude 
and depth with very few species limited to a single depth range or upwelling 
province (for examples see Fig. 4.2). Species vary in abundance across the shelf 
and latitudinally. The distributions are however patchy. These types of 
distributions are found for polycheate, mollusc and crustacean species. A few 
species may however be adapted to specific environmental conditions limiting 
their distributions. For example the isopods Eurydice spp. and the seapen 
Virgularia schultzei are adapted to the swash and wave turbulent conditions 
limiting their distribution to the shallow depths. Amphiura spp. (ophiuroid), on the 
other hand may require the stability of the deeper subtidal. These limited 
distribution are however uncommon as species are generally tolerant of a 
gradient of sediment type, water movement and food availability, but are more 
abundant in the most suitable habitats.   
Addressing issues with the interpretation of results from different sampling methods in the 
nearshore (10-41 m depth range) 
The trend analysis for the nearshore is hampered by two limitations i.e. using two 
different sampling methods (grab and suction sampling) and the sample 
processing error (1mm vs 4mm mesh). When the samples subject to the 
processing error (10-13 m depth range) were compared with an existing study off 
Lambert’s Bay (Christie 1976b), the observed species density in the current study 
(i.e. 4-17 species per sample) varied greatly but was consistently less than the 
17-24 species per sample of Christie (1976b). Mostly small-bodied (<4 mm) 
amphipod, cumacean, ostracod and polychaete species were missing from the 
species list, but all large-bodied polychaetes and decapods were present in the 
current study. Since the missing species were mostly rare, thus unlikely to affect 
the outcome of defining groups through cluster analysis, they were included in 
multivariate analysis, but were excluded from the univariate analyses.  Given the 
available information it is not possible to determine whether the discrepancy 
between the current study and that of Christie (1976b) is the result of the 
variation in sampling methods or could simply be a temporal effect. The number 
of species observed in suction samples (1 mm-mesh sieve) was also lower than in 
grab samples because the area sampled was smaller. However, despite the 
limitations of these data, it was nonetheless evident that samples within the 10-
41 m depth range were more similar (with a unique species composition) to each 
other than to any other samples (Fig. 4.4). 
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Multivariate analyses to identify macro-infaunal communities 
Upwelling province was not a distinguishing factor for macro-infauna as shown by 
the mixed PERMANOVA model (Table 4.1) that indicated that the upwelling 
provinces were not significantly different from each other (p(perm)>0.05; Table 
4.1). Depth ranges were however significantly different from each other 
(p(perm)<0.05; Table 4.1) and further pairwise tests showed that all depth 
ranges that could be compared were significantly different (p(perm)<0.05). The 
transects (Tr) within the southern Cape and Orange River-Namaqua upwelling 
provinces were also significantly different from each other. A separate PERMDISP 
analysis of the transects (Tr) revealed that only the Port Nolloth transect differed 
significantly from the other four transects in dispersion, i.e. distribution around 
the centroid of the defined group in the multivariate data cloud. In addition, an 
ANOSIM analysis testing for differences between transects showed that the 
remaining four transects were not significantly different from their nearest 
neighbours but were significantly different from all other transects.  
 
Table 4.1: Results of the crossed/nested mixed model PERMANOVA 
analyses. The * denoted the terms with missing cells. 
 
Abundance 
Degrees of 
Freedom 
Sums of 
Squares 
Mean 
Squares 
Pseudo-F P(perm) 
Unique 
perms 
Upwelling Province (Up) 2 24139 12070 0.78 0.76 30 
Depth Range (De) 6 200700 33450 4.93 <0.001 9944 
Transect (Up), (Tr(Up)) 2 21849 10924 6.80 <0.001 9867 
UpxDe* 11 104650 9514 1.34 0.15 9887 
Tr(Up)xDe* 4 30048 7512 4.67 <0.001 9816 
Biomass       
Upwelling Province (Up) 2 25590 12795 0.74 0.80 30 
Depth Range (De) 6 196160 32694 4.43 <0.001 9920 
Transect (Up), (Tr(Up)) 2 24406 12203 7.30 <0.001 9884 
UpxDe* 11 109360 9942 1.29 0.19 9901 
Tr(Up)xDe* 4 32710 8177.5 4.89 <0.001 9828 
 
The macro-infauna samples generally clustered into seven groups (Communities 
1-7) evident from dendrograms (Fig. 4.3) and MDS ordinations (Fig. 4.4) based 
on both abundance and biomass per species data. The relationships between the 
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communities differed slightly between the two dendrograms (Fig. 4.3). The main 
changes in relatedness occurred among Communities 3, 4, 5 and 6.  Community 
5 clustered with the Community 6 in the abundance-based dendrogram (Fig. 
4.3a), whereas it was most similar to Communities 3 and 4 when biomass was 
considered (Fig. 4.3b). The dendrogram based on biomass data also separated 
Community 7 sites into four groups that were still more similar to each other than 
to any other sites, so for the purposes of this study they were included in a single 
community. When similarities between communities were based on species 
abundance data (Fig. 4.3a), Community 6 was most similar to Community 5, 
however when species biomass data were utilised (Fig. 4.3b), Community 6 was 
most similar to Community 7. Communities 1 and 2 were consistent groups in 
both dendrograms (Fig. 4.3). Where replicates of the same site did not cluster 
together in either of the dendrograms (Fig. 4.3), they were included in the group 
that contained the majority of their site replicates.  
It was evident from the MDS ordinations (Fig. 4.4) that the groups formed part of 
a gradient. Community 1 is distinct and samples had very low similarity with all 
other samples. Community 2 was also distinct with variable similarities between 
samples within the community. The remaining communities were more similar to 
each other exposing a gradient from Community 3 through to Community 7 with 
some overlap among groups. Samples from Communities 5 and 6 were most 
similar to each.  
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Figure 4.3: Dendrogram of Bray Curtis similarities between samples 
collected, using the group average method and on fourth-root 
transformed (a) abundance and (b) biomass data. Communities are 
indicated by numbers 1-7.  
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Figure 4.4: Multi-Dimensional Scaling Ordination depicting Bray Curtis 
similarities among west coast samples based on (a) abundance and (b) 
biomass data. Site numbers are included. 
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Figure 4.5: Distribution of macro-infauna communities on the continental 
shelf of the South African west coast. 
 
The spatial distribution of communities (Fig. 4.5) indicated five across-shore 
zones, which will be referred to as beach (Community 1), inner shelf (Community 
2), middle shelf (Communities 3-5), outer shelf (Community 6) and shelf edge 
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(Community 7). Community 1 and 2 consist of all the beach and inner shelf (i.e. 
nearshore) sites respectively. Communities in the middle shelf increased in extent 
from Community 3 with the most limited spatial extent concentrated closest to 
the Orange River mouth to Community 5 with the greatest latitudinal extent. 
Community 4, with intermediate extent, stretches from the north of Platbaai into 
St Helena Bay. Community 6 covers the largest area of the west coast, the outer 
shelf, along the entire length of the west coast. A single community, Community 
7, inhabits the shelf edge stretching from the north to the south along the west 
coast. Communities 6 and 7 are very close together but very distinct. 
The dedicated cluster analysis of beach samples revealed three groups (Fig. 
4.6a), the largest of which included Paternoster, Melkbosstrand and Yzerfontein 
(in the south) which clustered at 51 %. The second group incorporated Elands 
Bay and Platbaai beaches (in the north), while Port Nolloth (with a different beach 
morphodynamic state) was an outlier very different from the rest of the samples. 
Cluster analysis performed separately on each of the three different sampling 
methods utilised for sample collection of Community 2 samples (10-41 m depth 
range), namely grab, suction with a 4 mm mesh sieve and suction with a 1 mm 
mesh sieve,  indicated similar clusters for each method. The dendrogram of the 
shallow nearshore samples (i.e. 10-13 m) was included as representative of the 
patterns observed in these three analyses (Fig. 4.6b). The samples south of Cape 
Columbine clustered separately from those north of Cape Columbine, all of which 
were very different to the Port Nolloth samples. Although there were finer scale 
differences between communities in samples from the beach and inshore areas 
(Fig. 4.6), the larger groups defined in Fig. 4.3 were used in all further analyses. 
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Figure 4.6: Dendrogram of Bray Curtis similarities between samples 
collected (a) on beaches(Community 1) and (b) inner shelf (i.e. 11-13 m 
depth range, Community 2) based on fourth root transformed species 
abundance data linked using the group average method. South=South of 
Cape Columbine, North= North of Cape Columbine, MB=Melkbosstrand, 
Yz=Yzerfontein, Pater=Paternoster, EB=Elands Bay, PN=Port Nolloth.  
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Environmental factors driving biological communities 
No single physical variable was responsible for distinguishing the communities 
according to the DistLM analysis (Fig. 4.7). All the physical variables combined 
explained only 40% of the total fitted variation. Percentage mud, percentage very 
fine sand, depth, latitude, slope, bottom oxygen concentration and percentage 
organic carbon were the best combination of physical variables that correlated 
with the resemblance matrix based on species abundance data (BIC=1858.3, 
R2=0.34). The first two dbRDA axes explained 63.2 % of the fitted model 
variance, but only 25 % of the total variation in the multivariate cloud. The first 
dbRDA axis was correlated most strongly with mud content (0.74) being mainly 
responsible for the variation aomong Communities 3, 4 and 5 in the middle shelf 
(Fig. 4.7). dbRDA axis 2 correlated with depth (0.69) and to a lesser extent very 
fine sand content (0.48). Therefore depth and very fine sand content 
distinguished Communities 1, 2, 5, 6 and 7. 
 
Figure 4.7: Distance-based redundancy analysis (dbRDA) on the 
resemblance matrix using species abundance data with depth, latitude, 
slope, bottom oxygen concentration (BotOxygen), percentage organic 
carbon (%C), percentage very fine sand (%vf) and percentage mud 
(%mud) overlain as vectors. 
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Figure 4.8: CTREE analysis plot showing the most natural breaks in physical variables related to macrofaunal communities (i.e. 
the response). Macrofaunal groups are indicated by number. Communities are indicated by the numbers 1-7. 
 
Proportion of 
group representing 
each macroinfunal 
community 
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The conditional inference tree (CTREE) analysis (Fig. 4.8) indicated that the first 
four binary splits were based on depth. These were at 0 m (intertidal vs subtidal), 
41 m (inner shelf vs deeper), 315 m (middle-outer shelf vs shelf edge) and 
142 m (middle vs outer shelf). Beach and inner shelf communities (Communities 
1 and 2 respectively) were perfectly encapsulated within their respective child 
nodes. The middle shelf, outer shelf and shelf edge were also clearly 
distinguished with the exception of one deep outer shelf site. The classification 
based on depth therefore has a 98 % fit. 
Sediment type (i.e. very fine sand content) led to a significant binary split in the 
Shelf Edge community (Fig. 4.8), which was not evident from the biological data 
(Site 47 Fig 4.4). These shelf edge sites consisted of mixed sediments with very 
little variation in very fine sand content (9-20 %, Table 3.1 in Chapter 3), thus it 
is unlikely that a split in very fine sand at these depths would distinguish 
communities (Table 3.1 in Chapter 3).  
Latitude, sediment type and bottom oxygen were the most significant variables 
splitting the middle shelf (Fig. 4.8). Community 3 (in the north) was separated 
based on a geographic location (latitude), whereas the Communities 4 and 5 were 
distinguished based on bottom oxygen concentration, a function of organic 
loading and upwelling intensity. Although the fit of the CTREE analysis model was 
good for the middle shelf communities (91 %), the final binary splits were 
statistically significant, but not necessarily biologically relevant, evident in the 
overlap of communities across the CTREE thresholds. The combination of 
community and CTREE analyses therefore provides an effective way to elucidate 
biologically-relevant thresholds of physical driving variables. 
Description of biotopes on the South African west coast 
The Biotope classification, summarised in Fig. 4.9, is based on the macro-infaunal 
communities and their physical habitats (Fig. 4.9). Seven biotopes were identified 
for the South African west coast, namely Sandy Beach, Sandy Inner Shelf, Muddy 
River-influenced Middle Shelf, Muddy Organically-enriched Middle Shelf, Sandy 
Middle Shelf, Sandy Outer Shelf and Shelf Edge. This classification provides a 
simple set of divisions related to the degree of influence of physical variables and 
their underlying driving processes. These drivers include tidal influence and 
gradients of immersion, wave turbulence and vertical mixing, upwelling-related 
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processes and productivity and river influence which were deemed responsible for 
distinguishing biotopes.   
 
Figure 4.9: Biotope classification for the South African west coast continental 
shelf based on macro-infaunal communities combined with physical variables. 
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Table 4.2: Description of marine unconsolidated sediment biotopes of the South African west coast shelf.  
Depth Zone Intertidal Inner Shelf Middle Shelf Outer Shelf Shelf Edge 
Biotope Sandy Beach Sandy Inner Shelf Muddy River-
influenced Middle 
Shelf 
Muddy Organically-
enriched Middle Shelf 
Sandy Middle Shelf Sandy Outer Shelf Shelf Edge 
Community 
similarity 
44 % 23 % 50 % 37 % 37 % 37 % 23 % 
Physical 
characteristics 
0 m 
 
Sand 
 
Wave action and 
frequent aerial 
exposure 
 
Beach types = sub-
biotopes 
10-45 m 
 
Sand 
 
Wave turbulence and 
vertical mixing, 
well-oxygenated, low 
organic carbon (<2 %), 
high productivity 
45-142 m 
 
Mud content > 50 % 
 
high rates of 
terrigenous 
sedimentation 
(Herbert and Compton 
2007), high 
productivity, and 
frequent seasonal 
hypoxia (Jarre et al. in 
prep) 
45-142 m 
 
Mud 
 
low terrigenous 
sedimentation rates 
(Herbert and Compton 
2007), high 
productivity, high 
organic carbon (2-
8 %), high levels of 
organic loading and 
frequent/semi-
permanent seasonal 
hypoxia (Jarre et al. in 
prep) 
45-142 m 
 
Sand content 
 
low organic carbon, 
variable levels of 
organic loading, 
variable frequency of 
seasonal hypoxia 
150-357 m 
 
Sand 
 
well-oxygenated, low 
organic carbon 
content, relatively 
homogenous 
environment 
348-412 m 
 
Mixed sediment 
 
low temperature, 
variable organic 
content, well-
oxygenated, subject to 
upwelling at the shelf 
break (Veitch 2009) 
and internal tides 
(Monteiro et al. 2005). 
Characterising 
taxa 
Eurydice species 
(isopod). 
Donax serra (mollusc) 
and Sigalion 
squamatum 
(polychaete) 
Virgularia schultzei 
(sea pen), Anemone 
sp. A and nematodes 
Calocaris barnardi and 
Callianassa sp. 
(decapods), Nephtys 
hombergi 
(polychaete). 
Nassarius vinctus 
(gastropod), 
Paraprionospio 
pinnata and 
Lumbrineris 
heteropoda difficilis 
(polychaetes). 
Paraprionospio 
pinnata, Lumbrineris 
meteorana and 
Mediomastus capensis 
(polychaetes), 
Scalibregma inflatum, 
Paraprionospio 
pinnata and  
Mediomastus capensis 
(polychaetes) 
Amphiura sp. 
(ophiuroid), 
Nematodes and 
Nyctiphanes capensis 
(euphausid) 
Distinguishing 
taxa 
Eurydice species Virgularia schultzei 
(sea pen), Anemone 
sp. A, Nephtys 
hombergi (polychaete) 
and Magelona 
capensis (polychaete) 
Calocaris barnardi and 
Callianassa sp. 
(decapods), Tellina 
gilchristi (bivalve) and 
Paraphoxus oculatus 
(amphipod) 
Nassarius vinctus 
(gastropod), 
Paraprionospio 
pinnata (polychaete), 
Tellina gilchristi and 
Dosinia lupinus 
orbignyi (bivalves) 
Paraprionospio 
pinnata, Lumbrineris 
meteorana and 
Mediomastus capensis 
(polychaetes), and 
Dosinia lupinus 
orbignyi (bivalve) 
Prionospio 
cirrobranchiata, 
Amphitrite pauciseta, 
Goniada maculata and 
Lumbrineris tetraura 
(polychaetes) 
Amphiura sp. 
(ophiuroid), 
Nematodes, 
Nyctiphanes capensis 
(euphausid), and 
polychaetes Onuphis 
holobranchiata and 
Notomastus latericeus 
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The biotope descriptions (Table 4.2) combine the physical variables and driving 
processes (Figs. 4.7, 4.8 and 4.9), the Communities (Fig. 4.3 and 4.4), and the 
SIMPER analyses (Table 4.2, Table 4.3 and Figs 4.10 and 4.11). The highest 
similarity among sites within a biotope was found in the Muddy River-influenced 
Middle Shelf and the Sandy Beach biotopes (Table 4.2). The Sandy Beach biotope 
was the most distinct (99 % dissimilar to all other biotopes), followed by the 
Sandy Inner Shelf (90-94 %, Table 4.3). The highest similarities were between 
the Muddy River-influenced Middle Shelf and the Muddy Organically-enriched 
Middle Shelf, the Muddy Organically-enriched Middle Shelf and the Sandy Middle 
Shelf, and the Sandy Middle Shelf and the Sandy Outer Shelf (75-79 % dissimilar, 
Table 4.3).  
 
Table 4.3: Bray-Curtis dissimilarities between biotopes based on the 
SIMPER analysis. 
 Sandy 
Beach 
Sandy 
Inner Shelf 
Muddy 
River-
influenced 
Middle Shelf 
Muddy 
Organically-
enriched 
Middle Shelf 
Sandy 
Middle Shelf 
Sandy 
Outer Shelf 
Sandy 
Inner Shelf 
99.0 % --     
Muddy River-
influenced 
Middle Shelf 
99.7 % 92.6 % --    
Muddy Organically-
enriched 
Middle Shelf 
99.7 % 94.4 % 77.9 % --   
Sandy Middle Shelf 99.3 % 90.4 % 88.2 % 79.0 % --  
Sandy 
Outer Shelf 
99.4 % 90.8 % 93.0 % 85.1 % 75.3 % -- 
Shelf Edge 98.8 % 94.0 % 97.3 % 94.9 % 89.4 % 86.18 
 
The characteristic species of four of the biotopes were distinct although these 
species were not necessarily exclusive to these biotopes. Eurydice spp. (isopods) 
characterised the Sandy Beach biotope, accounting for 72% of the similarity 
within the Sandy Beach biotope (Table 4.2). The three taxa that contributed most 
to the similarity within the Sandy Inner Shelf biotope were Virgularia schultzei (a 
sea pen), Nematoda and Anemone sp. A. The mud prawns Calocaris barnardi and 
Callianassa sp., and the polychaete Nephtys hombergi were responsible for 53% 
of the similarity within the Muddy River-influenced Middle Shelf. Nematoda, 
Chapter 4: Marine unconsolidated sediment biotopes 
110 
 
Amphiura sp. A and Nyctiphanes capensis were most responsible for the 22.6% 
similarity in the Shelf Edge group. The remaining three biotopes, the Muddy 
Organically-enriched Middle, Sandy Middle and Sandy Outer Shelves, had similar 
community similarities (i.e. 37 %) and shared Paraprionospio pinnata (a 
polychaete) as a characteristic species (Table 4.2). Nassarius vinctus (a 
gastropod), however, contributed the most to the similarity within the Muddy 
Organically-enriched Middle Shelf. The Sandy Middle and Outer Shelves, on the 
other hand were characterised by a combination of polychaetes with similar 
within biotope similarities (i.e. ± 37%). The characterising species contributed 
50% or more to the similarity of the Sandy Beach, Sandy Inner, Muddy River-
influenced Middle and Muddy Organically-enriched Middle Shelves. The 
characteristic species, however, accounted for only around 30% of the similarity 
within the Sandy Inner and Outer Shelves and the Shelf Edge which implied 
greater evenness of species in these communities. 
 
 
Figure 4.10: Comparison of species responsible for 30% of the 
dissimilarity between the three middle shelf groups calculated from 
SIMPER analysis based on fourth-root transformed species abundance 
data. D=decapod, P=polychaete, M=mollusc, A= amphipod.  
 
Distinguishing species overlapped in only two biotopes, the Muddy Organically-
enriched Middle and Sandy Middle Shelves, where Paraprionospio pinnata (a 
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polychaete) and Dosinia lupinus orbignyi (a bivalve) were key distinguishing 
species (Table 4.2). An increase in polychaete species richness and abundance, 
and a decrease in decapod abundance were observed from the Muddy River-
influenced Middle Shelf to the Sandy Middle Shelf (Fig. 4.10). In addition there 
was a shift in the mollusc species from Nassarius vinctus (a gastropod) in the 
Muddy River-influenced Middle Shelf to Dosinia lupinus orbignyi (a bivalve) in the 
Sandy Middle Shelf. The Muddy Organically-enriched Middle Shelf shared 
distinguishing species with both the remaining middle shelf biotopes. The mud 
shrimps Calocaris barnardi and Callianassa spp., and the amphipod Paraphoxus 
oculatus contributed largely to the dissimilarity of the Muddy River-influenced 
Middle Shelf to the Muddy Organically-enriched and Sandy Middle Shelves. The 
generally high abundances of Nassarius vinctus and Paraprionospio pinnata 
distinguished the Muddy Organically-enriched Middle Shelf from the remaining 
middle shelf biotopes. The increase in species richness and abundance of 
polychaetes in the Sandy Middle Shelf was evident in the presence of Orbinia 
angrapequensis, Pseudomalacoceros gilchristi and Lumbrineris meteorana. 
However, Paraprionospio pinnata and Dosinia lupinus orbignyi were key 
distinguishing species for the Sandy Middle Shelf.  
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Figure 4.11: Comparison of species responsible for 30% of the 
dissimilarity between Communities 5-7 (i.e. middle shelf, outer shelf and 
shelf edge) calculated from SIMPER analysis based on fourth-root 
transformed species abundance data. D=decapod, P=polychaete, 
M=mollusc, A= amphipod, E=euphausid, O=ophiuroid.  
 
Most of the species responsible for the dissimilarity between the Sandy Middle 
Shelf, Sandy Outer Shelf and Shelf Edge were present in all three biotopes with 
varying abundance (Fig. 4.11). Polychaete species were the key distinguishing 
species among these biotopes (Table 4.2 and Fig. 4.11). The Sandy Middle Shelf 
had the highest abundances of polychaetes Pseudomalacoceros gilchristi, 
Paraprionospio pinnata, Lumbrineris meteorana and L. heteropoda difficilis, the 
amphipod Hippomedon longimanus and the mollusc Dosinia lupinus orbignyi. 
Polychaetes Scalibregma inflatum, Lumbrineris tetraura, Prionospio 
cirrobranchiata, Amphitrite pauciseta and Goniada maculata were more abundant 
in the Sandy Outer Shelf distinguishing this biotope from the others. Echinoderms 
increased in abundance and diversity in the Shelf Edge biotope, for example 
Amphiura species, and the polychaetes Onuphis holobranchiata and Notomastus 
latericeus were also fairly abundant in this biotope.  
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The SIMPER analyses showed that beaches had a different species composition 
from other habitats. Melkbosstrand and Yzerfontein beaches were dominated by 
Eurydice spp., while Paternoster was dominated by the beach clam Donax serra 
and Port Nolloth was dominated by a cosmopolitan polychaete Scolelepis 
squamata. Eurydice spp. were the species that contributed the most to the 
dissimilarity between the Sandy Beach and all other biotopes, making it the only 
distinguishing species. Cnidarians Virgularia schultzei and Anemone sp. A, 
polychaetes Nephtys hombergi and Magelona capensis, and macrofaunal 
nematodes were indicated as the distinguishing species for the Sandy Inner Shelf 
and contributed most to the dissimilarities between the Sandy Inner Shelf and all 
other biotopes. There also seemed to be a depth related pattern with the large 
whelk Bullia laevissima and the seapen Virgularia schultzei found exclusively in 
the shallower inner shelf (10-13m) areas.  
Comparison of biological descriptors for biotopes 
Species density (Fig. 4.12a) generally increased from the Beach to the Shelf Edge 
communities and was significantly higher in the Sandy Middle Shelf, Sandy Outer 
Shelf and Shelf Edge biotopes (with 27.8-31.8 spp.0.02m-2), than for the Sandy 
Beach, Muddy River-influenced Middle and Muddy Organically-enriched Middle 
Shelves (4.1-12.6 spp.0.02m-2; ANOVA and Tukey HSD tests, p<0.05). Macro-
infauna abundance (Fig. 4.12b) generally decreased from the Sandy Beach to the 
Shelf Edge, however the Muddy River-influenced Middle Shelf had the lowest 
abundance (i.e. 32.8 ± 17.16 indiv.0.02m-2). Abundance increased across the 
middle shelf biotopes from the Muddy River-influenced Middle Shelf in the north 
to the Sandy Middle Shelf mainly in the south.  Biomass was generally low at less 
than 20 g.0.02m-2 with the exception of two biotopes, one with an extremely high 
biomass (three times the norm at 60.5 g.0.02m-2 for the Sandy Inner Shelf) and 
the other marginally higher at 28 g.0.02m-2 (Muddy Organically-enriched Middle 
Shelf). The largest individuals (0.7 g,indiv-1) were found in the Sandy Inner Shelf 
(Fig. 4.12d), which was at least three times the value for the other biotopes.  
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Figure 4.12: Comparison of seven biotopes in terms of (a) species 
richness, (b) abundance, (c) biomass, and (d) biomass per individual per 
0.2m2. The species richness of the inshore group was excluded due to 
the complexities of using different sampling methods. Symbols indicate 
groups that are not significantly different according to the TukeyHSD 
test. Beach=Sandy Beach, Inner=Sandy Inner Shelf, MRiM=Muddy 
River-influenced Middle Shelf, MOeM=Muddy Organically-enriched Middle 
Shelf, SM=Sandy Middle Shelf, Outer=Sandy Outer Shelf and 
Edge=Shelf Edge.  
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Discussion 
Marine macro-infauna research has tended to focus on the description of macro-
infauna communities and the physical drivers structuring these communities. This 
is mostly done in a local context within very limited depth ranges in bays or on 
shelf areas of interest or single transects across large depth ranges, explaining 
observed patterns (Gopalakrishnan and Chandrasekharan Nair 1998, Escobar 
Briones 2003, Ramey and Snelgrove 2003, Janssen et al. 2008, Jayaraj et al. 
2008, Cummings et al. 2010, Ingole et al. 2010, Dutertre et al. 2013). However, 
due to the difficulty in sampling these habitats (extensively) it will be useful to 
derive principles driving these communities. This would provide a framework for 
testing hypotheses relating environment to biota, but also be used to 
predict/approximate community distributions in the absence of ground-truthed 
data (Levin 1992). This discussion draws from the results of the current study 
and others to establish a framework for eastern boundary upwelling ecosystems 
that are subject to a unique combination of physical conditions (Chavez and 
Messié 2009), to be used in habitat identification and classification exercises for 
management and systematic biodiversity planning.  
Cross-shelf zonation patterns observed consisted of five zones namely intertidal, 
inner shelf, middle shelf, outer shelf, and shelf edge. This was also the case for 
other studies with some local variation, up to a maximum number of five depth 
zones (Day et al. 1971, Defenbaugh 1976, Bergen et al. 2001). The zonation in 
these studies was most often related to depth (or correlates thereof) such as 
productivity, dissolved oxygen, temperature, wave turbulence, water currents 
and sediment characteristics (Day et al. 1971, Bergen et al. 2001, Burd et al. 
2008, Currie et al. 2009). Similarly, on the South African west coast, depth was 
identified as the super-parameter responsible for the cross-shore/shelf zonation. 
But rather than attributing the observed patterns in macro-infauna communities 
to a single correlate of depth, an inter-play of various geological and 
oceanographic processes operating within eastern boundary upwelling regions can 
be identified to drive the observed cross-shelf zonation patterns.  
The intertidal is subject to unique physical drivers, for example tidal range and 
emersion-immersion cycles (Day et al. 1971, Short 1996, Burd et al. 2008), 
which distinguishes this ecosystem from the continuously submerged subtidal 
environment. As such intertidal sandy beaches have consistently maintained their  
status as a distinct marine unconsolidated sediment zone globally having lower 
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species richness and hosting unique species assemblages compared to subtidal 
macro-infaunal communities (Day et al. 1971, McLachlan et al. 1984, Brown and 
McLachlan 1990, Burd et al. 2008), also evidenced in the current study. Beaches 
on the South African west coast represent a single distinct zone (McLachlan et al. 
1981, Harris et al. 2010), driven by cold water temperatures (Harris et al. 2010). 
Along-shore beach macrofauna arrange themselves according to beach 
morphodynamic type (Jaramillo and McLachlan 1993, Defeo and McLachlan 2005, 
Lastra et al. 2006, Defeo and McLachlan 2011), referring to the Swash Exclusion 
Hypothesis (McLachlan et al. 1993). The beach communities on the South African 
west coast were also influenced by beach morphodynamic types although only 
three beach types were sampled at the dissipative to intermediate end of the 
scale.   
The inner shelf or wave turbulent zone is characterised by high wave energy 
(Sanders 1968, Bally 1987, Steffani 2007), light penetration to the seafloor (Day 
et al. 1971) and the complete mixing of the water column (Estrade et al. 2008) 
as confirmed in geological (Rogers and Rau 2006), oceanographic (Lentz and 
Fewings 2012) and macro-infauna studies (Day et al. 1971, Field 1971, Christie 
1976b, McLachlan et al. 1984, Armonies et al. 2013). Similarly, the inner shelf on 
the South African west coast was clearly defined and extended to a depth of 
42 m. This zone generally stretches from the spring low water mark to a 
maximum depth between 20 m and 45 m as the offshore extent, depending on 
the study site and local conditions (Day et al. 1971, Field 1971, Christie 1976b, 
Defenbaugh 1976, McLachlan et al. 1984, Bergen et al. 2001, Burd et al. 2008, 
Paavo et al. 2011). These local conditions include wave exposure, for example the 
inner shelf in sheltered muddy sediments has a shallower offshore extent than 
exposed sandy sediments (Bergen et al. 2001).  
This inner shelf zone was further divided into inner turbulent, transition and outer 
turbulent zones by McLachlan et al. (1984), with breaks at the wave break point, 
the outer edge of the surfzone circulation cells and the point of bottom stability 
respectively. The current study provided some support for the presence of the 
transition and outer turbulent zones because certain species such as Virgularia 
schultzei (a sea pen) and Anemone sp. A were common in the 10-13 m depth 
range, but not in the 20-42 m depth range where polychaetes dominated. 
However, the inner turbulent zone could not be verified since it was not sampled. 
The zonation pattern has also been supported by inner shelf or nearshore studies 
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elsewhere including India (Gopalakrishnan and Chandrasekharan Nair 1998), New 
Zealand (Laudien et al. 2006) and Chile (Paavo et al. 2011).  
Along-shore distinction of inner shelf macro-infaunal communities has generally 
been attributed to the geomorphology of the zone (Moulaert et al. 2007, Janssen 
et al. 2008, Paavo et al. 2011). For example the recently proposed Wave 
Exclusion Hypothesis (Paavo et al. 2011) purports that turbulence and sediment 
instability selectively exclude species. Thus, steep-sloped, coarse-grained 
infratidal zones are thought to contain low species diversity due to high 
turbulence and sediment instability. On the South African west coast, an 
oceanographic process, namely intense upwelling, is suggested as a boundary 
that separates communities of the inner shelf. There is some evidence of distinct 
communities on either side of the most intense upwelling cell off Cape Columbine, 
a major rocky headland. The distinction between these communities is most likely 
due to a break in circulation either due to the upwelling cell or the presence of 
major rocky headlands, Cape Columbine and Cape Point. However, the reported 
differences in salinity and oxygen concentration (Dingle and Nelson 1993) in 
addition to the water movement associated with upwelling may present a barrier 
for larval dispersal. 
The middle shelf has been recognised internationally for high food availability 
(Bergen et al. 2001, Currie et al. 2009) or hypoxia (Zettler et al. 2009) in 
upwelling regions, and adequate oxygenation (Burd et al. 2008) in non-upwelling 
regions. On the South African west coast, the middle shelf is distinguished from 
the adjacent zones by sedimentation of excess organic debris as a result of 
upwelling processes. Surface and bottom processes do not overlap over the 
middle shelf due to the depth of the water column (Estrade et al. 2008), however 
phytoplankton blooms common to the west coast (Demarcq et al. 2007) sink from 
the euphotic zone to the seafloor where the organic debris is utilised by the 
fauna. It is suggested that the depth of the water column and the intense organic 
loading due to upwelling may result in limited time and possibly too few biota in 
the water column to decompose or ingest all the food sinking to the seafloor. As a 
result excess organic debris settles on the seafloor which decomposes leading to 
hypoxic conditions. As depth increases on the outer shelf, organisms have a 
greater length of time to process the organic debris and less organic loading of 
the surface waters result in less organic debris deposited on the seafloor 
(Escaravage et al. 2009). This leads to frequent hypoxia on the South African 
west coast to which macrofaunal communities respond. The combination of water 
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column depth and surficial organic loading would therefore be considered the 
processes responsible for the distinction of the middle shelf.  
The outer shelf is mostly described by stability in the physical environment. The 
outer shelf of the South African west coast is a very homogenous environment in 
terms of bottom temperature, salinity and oxygen (Dingle and Nelson 1993). 
Sediment type ranges from muddy sand to sandy sediment (Rogers and Bremner 
1991) differing mainly in the proportion of very fine and fine sand grain sizes. 
There are no major organic deposits (Rogers and Bremner 1991) and the entire 
zone is impacted by the poleward current (De Decker 1970, Nelson 1985). 
Therefore the existence of a single macro-infauna community reflected the 
homogenous environment that it inhabited. The outer shelf is therefore deep 
enough not to be influenced by surface processes and far enough from the shelf 
break not to be influenced by physical processes operating there. In other parts 
of the world, the outer shelf has similarly been described by stability of the 
physical environment. For example, there is a decrease in bottom currents and 
low organic input (Burd et al. 2008) or a more stable bottom temperature (Day et 
al. 1971). As a result, the physical variable of greatest variation, for example 
sediment texture (Bergen et al. 2001), is most likely to drive the community 
distributions in this zone.   
The shelf edge is subject to physical processes that make it unique both 
physically and biologically from the rest of the shelf. Physical processes on the 
shelf edge are reported to create turbulence along the shelf edge, resuspending 
fine sediments and redistributing them onshore or offshore of the shelf break 
(Huthnance 1995). These processes include internal tides and shelf edge 
upwelling (Huthnance 1995, Monteiro et al. 2005, Estrade et al. 2008, Veitch 
2009) both of which are known for the Southern Benguela (Monteiro et al. 2005, 
Veitch 2009). The shelf edge of the South African west coast therefore 
represented a distinct community with the highest observed species density on 
the shelf (35-40 spp.0.2m-2, see also Chapter 6 of this thesis) and high local 
variability in species composition. The shelf edge has also been recognised as a 
unique zone elsewhere (Currie et al. 2009, Joydas and Damodaran 2009). 
However, the identified driver for this zone varied with study region. Examples of 
these drivers include anoxia (Joydas and Damodaran 2009), scouring by water 
currents (Day et al. 1971) and deposition of fine sediments (Currie et al. 2009), 
which resulted in zones of lower species richness for the former drivers and 
similar species richness to the rest of the shelf for the latter driver. These zones 
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harboured distinct communities with functional traits showing adaptation to the 
major drivers. It is therefore postulated that the shelf edge can be distinguished 
due to multiple and variable physical processes operating at the shelf break and 
on the slope in eastern boundary upwelling regions (Fig. 4.13). The shelf edge 
also seemed to coincide with the chlorophyll and sea surface temperature fronts 
in South Africa (Veitch 2009), but the relationship between these surface 
processes and the seafloor requires further inter-disciplinary investigations. 
Community distributions along-shore in the middle shelf, outer shelf and shelf 
edge have most frequently been attributed to differences in sediment type (Day 
1963, Field 1971, Christie 1976b, Defenbaugh 1976, McLachlan et al. 1984, 
Karakassis and Eleftheriou 1997, Bergen et al. 2001, Ellingsen 2002, Burd et al. 
2008, Jayaraj et al. 2008, Joydas and Damodaran 2009, Ingole et al. 2010, Paavo 
et al. 2011, de Juan et al. 2013) and by association water currents and shear bed 
stress (Post et al. 2006). The South African west coast is no exception; 
communities were separated on the basis of sediment type and sediment stability 
due to terrigenous sediment input from the Orange River (Rogers and Bremner 
1991, Rogers and Rau 2006, Herbert and Compton 2007) that led to the 
formation of the Namaqua mudbelt between 60 m and 140 m depths north of 
Cape Columbine. Pre- and post-larval settlement processes may be responsible 
for the observed community distributions (Snelgrove et al. 1999).  
The assimilation of the macro-infauna community patterns and driving processes 
described above and drawn from international and national literature form the 
basis for a proposed conceptual framework for the functioning of marine 
unconsolidated shelf sediments of eastern boundary upwelling ecosystems. Since 
most of the processes referred to are common for eastern boundary upwelling 
regions, the framework can be tested elsewhere. 
Conceptual framework for relationships between biodiversity of marine 
unconsolidated sediments and geo- and bio-physical processes of the 
Southern Benguela 
The Benguela Current Upwelling Ecosystem observed between South Africa and 
Angola is one of four Eastern Boundary Current Upwelling Ecosystems (Chavez 
and Messié 2009). The west coast of South Africa forms part of the southern 
Benguela Current. The benthic macro-infaunal communities in this system are 
structured by two primary factors. These are (i) water movement in the form of 
currents or waves changing the nature of sediments by scouring or deposition 
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(Rogers and Bremner 1991); and (ii) organic enrichment from upwelling resulting 
in dense phytoplankton blooms downstream of separate upwelling centres in 
stratified water (Andrews and Hutchings 1980, Demarcq et al. 2007). The 
sedimentation of organic matter from these blooms, results in organic-rich 
deposits on the seafloor (Fig. 4.13). These deposits decay, stripping the oxygen 
from the water column above (Bailey 1991). 
South of Cape Columbine, these upwelling-related processes are less intense than 
on the Namaqua shelf, north of Cape Columbine to the Namibian border 
(Demarcq et al. 2007). This may, in part, be as a result of shelf topography 
(Huthnance 1995, Estrade et al. 2008) which is steeper, and narrower south of 
Cape Columbine (Shannon 1985). The core of upwelling enrichment is limited to a 
band along the coast shallower than 150 m, but deeper than 30-40 m (Jarre et 
al. in prep). The highest percentage organic carbon deposits (Bailey 1991, Rogers 
and Bremner 1991) and oxygen-deficient water are found in this zone (Bailey 
1991, Monteiro and van der Plas 2006, Jarre et al. in prep). The pole-ward 
flowing, bottom current on the shelf distributes detrital matter within the 
upwelling enrichment zone along the shelf (Monteiro and van der Plas 2006). Off 
the Orange River, terrigenous sedimentation rates are particularly high, which 
prevents the accumulation of surface organic carbon deposits by ‘diluting’ 
deposited organic particles (Rogers and Rau 2006). Although phytoplankton may 
have similar high concentrations further offshore of the core upwelling enrichment 
zone, it is likely that the sinking plankton debris is remineralised before reaching 
the seafloor due to the increased depth/time. Therefore, organic carbon deposits 
do not accumulate.  
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Fig. 4.13: A schematic of hypothesised key drivers and cross-shelf 
boundaries for macro-infauna on continental shelves of eastern 
boundary currents. Stippled lines indicate zone boundaries and italicised 
text indicates processes. 
 
Bottom temperatures, oxygen concentrations and salinities are similar along the 
length of shelf but change gradually across the shelf (Dingle and Nelson 1993; 
Figs. 3.8 and 3.9 in Appendix 3.1). Dingle and Nelson (1993), however, 
suggested that the upwelling cell off Cape Columbine represents a boundary in 
circulation at depths shallower than 100m, which may have an influence on 
biological communities. 
The shelf edge is subject to a number of different physical processes including 
internal tides (Monteiro et al. 2005), shelf edge upwelling (Huthnance 1995, 
Veitch 2009), jet currents (Nelson and Polito 1987) and the poleward bottom 
current (Shillington et al. 2006). These features create turbulence along the shelf 
edge, which resuspends fine sediments and particulate organic matter for 
onshore or offshore transport. In addition, the upwelling front appeared to settle 
above the shelf edge zone on the west coast (Demarcq et al. 2007, Veitch 2009) 
as suggested for eastern boundary currents by Huthnance (1995). The upwelling 
front also appeared to correspond to the Rossby radius of deformation along the 
South African west coast (Veitch 2009). The Rossby radius of deformation, for the 
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purposes of the current study, is the area impacted by upwelling, and is 
dependent on the gravitational acceleration, depth and Coriolis force at the 
latitude of the study area (Huyer 1983). The relationships between the upwelling 
front, the Rossby radius of deformation and the physical processes at the shelf 
edge have not yet been clearly explained. However, the fact that the surface 
upwelling front and Rossby radius of deformation coincide with the shelf edge 
may be significant in elucidating the connections between oceanography, 
topography, geology and biodiversity. Thus a unique environment is created 
along the shelf edge.  
The functional traits of the characterising and distinguishing species of the 
biotopes provided support for the conceptual framework. This was evidenced by 
the mobile, swash-adapted species such as Eurydice spp. (isopods) and Donax 
serra (a bivalve) that dominated the Sandy Beach biotope. Suspension- and 
surface-feeders, for example Virgularia schultzei, reflected the constant wave 
turbulence in the Sandy Inner Shelf. The middle shelf was dominated by anoxia-
tolerant species especially the Muddy Organically-enriched Middle Shelf (Table 
4.2, Anderson et al. 1994, Nicholson and Morton 2000, Quiroga et al. 2007, 
Zettler et al. 2009, Hernandez-Miranda et al. 2012). In addition, Callianassa sp., 
a characteristic species of the Muddy River-influenced Middle Shelf is burial-
tolerant supporting the postulation that high sedimentation rates due to the 
influence of the Orange River distinguished this biotope. The absence of Nassarius 
vinctus, the dominant species of the Oxygen Minimum Zone in the Southern 
Benguela (Zettler et al. 2009) and the presence of many more species than in the 
other middle shelf biotopes verified the species-rich sandy sediment subject to 
less frequent hypoxia of the Sandy Middle Shelf. Deposit-feeders and short-range 
mobility species implied a more stable environment in the Sandy Outer Shelf. No 
real taxonomic dominance was observed in the Shelf Edge biotope which was 
dominated by species with low mobility and variable feeding modes. The biota 
that define the biotopes therefore reflect the processes responsible for their 
distinction.  
A few biotopes identified in the current study had similarities with biotopes 
described in the European Nature Information System (Davies et al. 2004). The 
Sandy Beach and Sandy Inner Shelf had equivalent biotopes in Europe. These 
were the “Barren or amphipod-dominated mobile sand shores”, dominated by 
Eurydice and Scololepis, and  the “Circalittoral fine sand” which included 
Virgularia, respectively (Davies et al. 2004). River-influenced marine 
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unconsolidated sediments were not distinguished in the European classification 
and although organically-enriched areas or those subject to hypoxia were 
classified, no attempt was made to describe these biotopes (Davies et al. 2004). 
Both the European and British biotope classifications (Conner et al. 2004, Davies 
et al. 2004) recognised a single biotope for the deep circalittoral sandy sediment 
habitats characterised by bivalves, echinoderms, polychaetes and amphipods, 
whereas two depth-related biotopes (Sandy Outer Shelf and Shelf Edge) were 
distinguished on the South African west coast. The biotope classification in the 
current study therefore provides detail for biotopes not clearly distinguished or 
described in more extensive established habitat classifications. 
Future research opportunities are numerous. The conceptual framework and 
zonation patterns described in this chapter provide an opportunity for elucidating 
the relationships between geology, oceanography and macro-infauna through 
hypotheses testing, building on the explorative methods employed thus far. 
Examples of these hypotheses include the questions of whether similar 
concentrations of organic debris sink of the euphotic zones above the middle and 
outer shelves, whether areas of major river-influence or high organic carbon 
sediment content exist elsewhere along the South African coast and contain 
species with similar functional traits, or whether a functional traits analysis will 
provide evidence for driving variables and processes. Further biotope descriptions 
are necessary for unconsolidated sediments of the South African west coast not 
sampled in the current study. However, these biotope descriptions are the first of 
its kind in South Africa.    
Conclusions 
Key drivers of marine unconsolidated sediment biotopes on the west coast were 
water movement, sedimentation of organic debris and environmental stability 
correlated with depth and modified by sediment type. The biotope classification 
based on these principles that incorporates river-influenced and organically-
enriched biotopes provides a method for classifying biotopes likely to exist in 
other eastern boundary upwelling regions that have not been described 
elsewhere. In general diversity increased with depth across the shelf; the beach 
having the lowest diversity and the shelf edge the highest diversity. In addition, 
muddy sediments had lower diversity than sandy sediment. Drawing from all 
these findings, this chapter proposed a conceptual framework for testing in other 
eastern boundary currents which seeks to improve understanding of the 
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interactions among oceanographic, geological and biological processes, and the 
macro-infaunal communities.  
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These appendices are included on the attached CD since the dataset was too large to 
print as part of the thesis 
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Chapter 5 
Comparison of seascapes and expert-derived 
habitats as surrogates for macro-infaunal 
biodiversity 
Abstract 
 
Habitat classifications define habitat types that act as surrogates for biodiversity patterns. 
These classifications may be derived from actual data or expert opinion and may include 
physical variables and/or biological variables. The aims of this chapter were firstly to 
determine the validity of a data-derived seascape and an expert-derived habitat 
classification; secondly to compare the performance of these classifications to each other 
and against a classification that was based on both biological and abiotic data (biotopes); 
and lastly to determine the best classification. The Canonical Analysis of Principal 
Coordinates (CAP), a constrained ordination, was utilised to determine whether the 
macro-infaunal assemblage of each sample was consistent with the assigned habitat in 
each classification. The fit of each habitat classification with the macro-infaunal data was 
measured as allocation success. Both the seascapes and expert-derived habitats had high 
allocation success, however, the expert-derived habitat classification (93-94 %) 
performed marginally better than the seascape classification (89-92 %). These two 
classifications also performed well compared to the biotope classification (98 %). This 
study indicated that there is a trade-off between capacity requirements and cost, and the 
performance of habitat classification systems as surrogates of biodiversity patterns. The 
best performing habitat classifications are those that include biological data such as 
species composition and abundance. But these classifications are also the most expensive 
to develop due to the cost of biological surveys. Therefore it is recommended that, where 
possible, habitat classifications with biological data should be used as surrogates for 
biodiversity patterns. Therefore the biotope map, based on macro-infaunal community 
patterns and their driving processes, the best performing biotope classification, was 
developed for the South African west coast to represent biodiversity patterns for inclusion 
in systematic conservation planning. However, it is imperative that surrogates always be 
tested against biological data to determine their validity.  
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Introduction 
Biodiversity surrogates are virtually always utilised in conservation planning (Sarkar and 
Margules 2002). This is mainly due to the lack of sufficient biological data for entire 
planning regions, since such data are generally biased towards areas that are easily 
accessible (Pressey 2004). In the marine environment, biological data are biased towards 
the shallow marine ecosystems with less or very little data available for the deeper ocean 
(Griffiths et al. 2010, Heap et al. 2010, Kenchington and Hutchings 2012). The cost (i.e. 
financial and time) of gathering the amount of data required to produce maps of 
continuous biological data is exceptionally high, therefore surrogates (either biotic or 
abiotic) that represent patterns of biodiversity (i.e. target features) in a cost-effective 
way are utilised (McArthur et al. 2010). These surrogates are used for, amongst others, 
establishing and testing the effectiveness of marine protected areas (Stevens and 
Connolly 2005, Currie et al. 2009). 
Biological surrogates refer to higher-level taxa (e.g. families or phyla), cross-taxa (e.g. 
patterns in fish diversity representing patterns in epibenthic macrofaunal communities) or 
subset taxa (e.g. patterns in polychaetes representing macrofaunal diversity pattern;  
Karakassis et al. 2006, Wlodarska-Kowalczuk and Kedra 2007, Mellin et al. 2011). In 
homogenous environments such as marine unconsolidated sediments, the higher-level 
taxa are the most effective biological surrogates for multivariate macrofauna data (Mellin 
et al. 2011). Abiotic surrogates refer to physical variables or combinations thereof that 
correlate with biological data (e.g. Ward et al. 1999, Post et al. 2006, Van Wynsberge et 
al. 2012, Shokri and Gladstone 2013). 
The correlations between abiotic variables, used to construct physical surrogates, and 
biological data such as species richness, distributions or assemblages, are scale-
dependent. Salinity, temperature and oxygen concentration may be strong predictive 
variables, but they operate at large spatial scales (1-100s km) so may be less useful at a 
local scale (Meynard and Quinn 2007, Currie et al. 2009, McArthur et al. 2010). 
Productivity and sediment characteristics have complex relationships with benthic fauna 
and have high variability at the fine scale (1 m to 10s km), although they too may have 
strong relationships with biodiversity (Sanders 1968, Stevens and Connolly 2004, Post et 
al. 2006, Svensson et al. 2007, Anderson et al. 2013). Depth, a variable that does not 
have a direct physiological effect on fauna, is a consistent predictor of biological data at 
various scales (e.g. Grassle and Maciolek 1992, Karakassis and Eleftheriou 1997, Bergen 
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et al. 2001, Post et al. 2006, Jayaraj et al. 2008, Renaud et al. 2009, Huang et al. 2011, 
Przeslawski et al. 2013).  
Habitat classifications combine physical and/or biological variables that operate at 
different spatial scales into surrogates, which could be ‘habitat types’. These habitat types 
have been shown to be very effective surrogates representing sandy beach biodiversity 
patterns where beach morphodynamic types distinguish macrofaunal communities (Defeo 
and McLachlan 2005, 2011). Recent studies have also investigated the utility of habitat 
classifications as surrogates for biodiversity in various marine ecosystems (Mumby et al. 
2008, Przeslawski et al. 2011, Van Wynsberge et al. 2012, Shokri and Gladstone 2013, 
Törnroos et al. 2013). Habitat types represented biodiversity well for some ecosystems, 
for example the unconsolidated sediments (Przeslawski et al. 2011) and coastal 
sediment/seagrass habitats (Törnroos et al. 2013), but poorly in others, for example 
estuaries (Shokri and Gladstone 2013).  
Habitats, which by definition are spatial units, can be identified and mapped based on 
physical variables, biological measures or expert-opinion but most often habitat 
classifications and maps represent a combination of these methods. Data-derived habitats 
may be based on physical processes alone (as in seascapes) or in combination with 
biological data (as in biotopes; Costello 2009). Seascapes, a ‘top-down’ approach to 
defining habitats, are identified based on consistent oceanographic and physical features 
of the environment that are relatively easy to observe and operate over large scales 
typically using remote-sensed GIS layers (Roff and Taylor 2000). Biotope classifications, a 
‘bottom-up’ approach to defining habitats, incorporate both biological communities and 
their physical habitats (Connor et al. 2004, Olenin and Ducrotoy 2006). These biotopes 
may be identified either by multivariate community analyses related to physical variables 
and scaled to the area of interest (Post et al. 2006), or by determining the most common 
species in a particular physical habitat (Mumby et al. 2008). Both biotope and seascape 
classifications and maps are data-intensive. However, generic physical data for seascape 
attributes (such as sea surface temperature or chlorophyll a concentration) are less 
expensive to obtain (e.g. remote sensing data are frequently available on internet 
databases), whereas the collection of biological data is more expensive, more time-
consuming and requires taxonomic expertise. Habitat maps derived from expert opinion 
are mainly used where proficiency exists but data are sparse (Costello 2009). Expert-
derived habitats may be as informative as data-derived habitats and can be classified at a 
fraction of the cost (Costello 2009). Although habitat classifications may be derived by 
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these various methods, they have not been compared for a single dataset to determine 
the best surrogate classifications.  
The aim of this chapter was three-fold. Firstly, it aimed to test the accuracy with which 
each of two habitat classifications – namely a data-derived seascape and the expert-
derived South African National Marine and Coastal (SANMC) habitat classification – reflect 
macro-infauna biodiversity on the South African west coast. Secondly, this chapter aimed 
to compare the efficiency of these habitat classifications to each other and to the biotope 
classification that incorporates macro-infaunal data and its physical drivers (Chapter 4).  
Lastly, the habitat classification that best fit the macro-infaunal diversity was determined 
in order to produce a biodiversity surrogate map for inclusion in subsequent chapters.  
Methods 
 
Habitat classifications are scale dependent (Costello 2009), so the habitats under 
investigation were based on similar scales i.e. mega-habitat scale which operate over 1-
100 km (following Greene et al. 1999) and therefore comparable. Further, the data layers 
generated relied heavily on the data from the 48 sites (Fig. 5.1) which were sampled by 
beach, suction or grab sampling as explained in Chapter 4 of this thesis. The resultant 
species abundance and biomass data were used in further analyses.  
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Figure 5.1: Stations sampled along the west coast of South Africa. The insert 
indicates the region of South Africa magnified in the larger map. Solid circles 
indicate numbered stations where 1-6 replicates were obtained, while open 
circles indicate sites where sampling efforts were unsuccessful due to sea 
conditions or hard grounds.  
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Figure 5.2: Maps representing (a) Seascapes, (b) Expert-derived habitats and (c) Biotopes. Classified (all coloured 
symbols) and outlier (δ) sites are indicated on the maps. SWC=South-western Cape and SB=southern Benguela. 
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Habitat classifications 
The three habitat classifications (represented in Fig. 5.2) included in these analyses were 
the Seascape classification (Chapter 3), the expert-derived SANMC habitat classification 
(Sink et al. 2012), and the Biotope classification (Chapter 4). Each habitat classification 
incorporated a number of physical variables resulting in different configurations of the 
sites into habitat types on maps (Fig. 5.2). The sites sampled in Chapters 3 and 4 of this 
thesis represented eight seascapes, eleven expert-derived habitats and seven biotopes 
respectively (Fig. 5.2 and Table 5.1, 5.2 and 5.3). 
Seascape classification 
Seascapes (Chapter 3, Table 5.1) were determined by multivariate principle coordinates 
analysis (PCO) of physical variables in PERMANOVA+ add-in of Primer 6  (Clarke and 
Gorley 2006, Anderson et al. 2008). The physical variables included depth (m), latitude 
(°S), sediment grain size (% weight), austral summer bottom temperature (°C), austral 
summer bottom oxygen concentration (ml.l-1), slope, percentage organic carbon and 
maximum surface chlorophyll concentration (mg.l-1). Eight seascapes were defined based 
on depth, slope, sediment type, latitude, maximum chlorophyll concentration and organic 
carbon content (see Chapter 3 for details). The three sites classified as outliers were not 
included in these analyses.  
 
Table 5.1: The Seascape classification for the unconsolidated sediments of the 
South African west coast based on point data. 
 
Sediment type Depth Productivity measures Seascape 
Sand Inner High Max chlorophyll conc. 2 
Medium Max chlorophyll conc. 1 
Low Max chlorophyll conc. 3 
Middle n/a 4 
Outer Low organic carbon content 5 
High organic carbon content 8 
Mud Middle High organic carbon content 7 
Low organic carbon content 
River-influenced 
6 
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Expert-derived South African National Marine and Coastal Habitat Classification  
In South Africa, the National Marine and Coastal (SANMC) Habitat Classification (Sink et 
al. 2012) included sediment type, depth and slope data layers, but the depth and 
biogeographical categories were determined by expert-opinion (Lombard et al. 2004, Sink 
et al. 2012). The categories were based on expert knowledge regarding oceanography, 
geology biogeography and ecology of the South African waters, for example the region of 
hypoxia which represents a tolerance threshold for macrofauna and differences in 
macrofauna responses to sediment type. Beaches were distinguished by beach type and 
biogeography (Harris et al. 2010, Harris et al. 2011). For the West Coast, 13 
unconsolidated sediment habitats were defined, of which 11 were sampled for the current 
study. These are listed habitats in Table 5.2 
Table 5.2: Unconsolidated sediment habitats represented in the current study 
placed within the hierarchical National Marine and Coastal Habitat Classification 
(Sink et al. 2012). The bracketed numbers indicate the number of samples 
representing each habitat. SB=Southern Benguela. 
 
Drivers Coastal Offshore 
Terrestrial & benthic-
pelagic coupling 
Coast type Inshore Offshore benthic 
Substrate Sandy coast Unconsolidated Unconsolidated 
Depth and slope na na Shelf Shelf Edge 
Broad ecosystem 
groups 
Sandy coast Unconsolidated 
inshore 
Unconsolidated shelf Unconsolidated shelf 
edge 
Grain size and beach 
state 
Beach state 
Dissipative 
Dissipative-
Intermediate 
Intermediate 
Grain size 
Muddy 
Sandy 
Grain size 
Muddy 
Sandy 
Grain size 
Muddy 
Sandy 
Biogeography 
(Ecozones and 
Ecoregions) 
Southern Benguela 
(SB) 
Namaqua 
SW Cape 
 
Namaqua 
SW Cape 
Southern Benguela 
Southern Benguela 
Habitats 
(number of sites 
sampled in each 
habitat) 
SB Dissipative sandy 
Coast (3) 
SB Dissipative-
Intermediate Sandy 
Coast (2) 
SB Intermediate 
Sandy Coast (1) 
Namaqua Sandy 
Inshore (4) 
SW Cape Sandy 
Inshore (5) 
Namaqua Muddy 
Inner Shelf (10) 
Namaqua Sandy Inner 
Shelf (5) 
SW Cape Sandy Inner 
Shelf (5) 
SB Sandy Outer Shelf 
(9) 
SB Muddy Shelf Edge 
(1) 
SB Sandy Shelf Edge 
(3) 
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Biotope habitat classification 
Biotopes for the West Coast were produced through multivariate analysis of macro-
infauna species abundance and biomass data (Chapter 4). Seven biotopes were identified 
(Table 5.3). 
 
Table 5.3: The Biotope classification for the unconsolidated sediments of the 
South African west coast based on point data. Major processes responsible for 
depth zones are indicated in brackets. 
 
Depth Sediment type Productivity Biotope 
Intertidal 
(immersion/emersion) 
Sand n/a Sandy Beach 
Inner Shelf 
(wave turbulence) 
Sand n/a Sandy Inner Shelf 
Middle Shelf 
(subject to high 
productivity and seasonal 
hypoxia) 
Sand Low organic carbon Sandy Middle Shelf 
Mud High organic carbon Muddy Organically-
enriched Middle Shelf 
Low organic carbon 
River-influenced 
Muddy River-influenced 
Middle Shelf 
Outer Shelf 
(homogeneous habitat) 
Sand n/a Sandy Outer Shelf 
Shelf Edge 
(shelf break upwelling 
and internal tides) 
Sand and mud n/a Shelf Edge 
 
Statistical analyses 
As part of the analyses undertaken for  Chapter 4, the macro-infauna species abundance 
and biomass data were fourth-root transformed and converted into resemblance matrices 
using the Bray-Curtis similarity measure according to Field et al. (1982). These 
resemblance matrices formed the basis for the comparison between the habitat 
classifications. Biotopes were defined from these resemblance matrices (Chapter 4) and 
were therefore not classified a priori. However in the current analyses, the biotopes were 
incorporated as a separate classification approach for comparison with the seascape and 
SANMC habitat classifications. The Seascape and expert-derived SANMC habitat 
classifications, both defined a priori, were added as factors to the resemblance matrices. 
ANOSIM analyses (Clarke and Warwick 2001) were applied to the resemblance matrices  
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separately for Seascapes and the SANMC habitats to determine if each of the derived 
habitats were distinct. 
 
Canonical analysis of principal coordinates (CAP) is a constrained analysis that determines 
an axis through the multivariate ordination cloud that best distinguishes groups, defined a 
priori or a posteriori, by maximising the differences between groups (Anderson et al. 
2008). Its purpose is therefore not to determine whether defined groups are different, but 
rather to determine the axis that best discriminates groups given that they are different. 
This analysis was carried out in the PERMANOVA+ package in PRIMER 6 (Anderson et al. 
2008). 
 
The CAP routine cross-validates the allocations of samples to groups by testing each 
sample against the defined groups, in this case habitats as per the classification under 
investigation, to determine allocation success. The analysis removes each sample and 
adds it to the canonical space created by the other samples as a non-classified sample. It 
then allocates the sample to the group with the nearest centroid (i.e. the middle of the 
group distribution). The allocation is successful if the non-classified sample is allocated to 
its original group, or else it is misclassified. This process is repeated for each sample. 
Through this process the successfully allocated or misclassified individual samples are 
determined and the allocation success (i.e. proportion of samples classified into their 
original groups) is calculated. The allocation success was compared across Seascape, 
Expert-based and Biotope habitat classifications. The number of axes required to have the 
highest allocation success (m) is an additional diagnostic providing an indication of the 
ease of fit of a classification. It must be less than the total number of axes minus one in 
order for it to be a useful classification. Therefore, the lower the number of axes required 
to minimise misclassification, the better the habitat classification. 
 
In order to test the sensitivity of the analyses, the CAP analysis was performed on 
simplified versions of the Seascape, SANMC habitat and Biotope classifications using 
macro-infaunal species abundance dataset. Seascapes and SANMC habitat classifications 
were also compared in terms of how well they classified biotopes to determine whether 
they over- or under-classified biotopes (i.e. false heterogeneity or homogeneity 
respectively). 
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Results 
 
The seascapes identified were statistically distinct (ANOSIM, R=0.685, p<0.0001, 
perm=9999; Tukey HSD, p<0.01) as were the expert-derived SANMC habitats (ANOSIM, 
R=0.863, p<0.0001, perm=9999; Tukey HSD, p<0.05). Even though the ANOSIM 
analyses indicated significantly different habitats among both seascapes and SANMC 
habitats, these were not clearly separated in the MDS ordinations (Fig. 5.3). The MDS 
plots suggested gradients rather than distinct groupings. Thus, there was overlap among 
habitats in each habitat classification systems. No distinct seascapes were evident. The 
inner shelf/beach Seascapes 1-3 showed great overlap and low similarities among 
samples in each seascape (Fig. 5.3a). Seascapes 6 and 7 on the muddy middle shelf were 
clearly distinct and there was some overlap of Seascapes 4, 5 and 8, on the sandy middle 
and outer shelf. The expert-derived SANMC habitat classification (Fig. 5.3b) showed five 
distinct zones namely beach, inshore, inner shelf, outer shelf and shelf edge. There was 
some overlap of beach types and of Namaqua and South-western Cape Inshore habitat 
types. The mudbelt represented a single habitat, the Namaqua Muddy Inner Shelf. Some 
overlap was evident in the Namaqua and South-western Cape Sandy Inner Shelf. The 
Southern Benguela Outer Shelf and the Southern Benguela Shelf Edge were clearly 
distinguished, but the Muddy and Sandy Shelf Edge habitats overlapped. The Biotope 
classification also clearly distinguished five depth zones, namely beach, inner shelf, 
middle shelf, outer shelf and shelf edge (Fig. 5.3c). The middle shelf was further 
distinguished into the Muddy River-influenced, Muddy Organically-enriched and Sandy 
Middle Shelves. The Seascape classification had the greatest overlap of habitats and the 
Biotope classification was most distinct with the SANMC habitats representing an 
intermediate classification.  
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Figure 5.3: MDS ordination based on fourth-root transformed species abundance 
data with (a) Seascapes, (b) South African National Marine and Coastal habitats 
and (c) Biotopes superimposed. SWC=South-western Cape and SB-Southern 
Benguela. 
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Figure 5.4: Canonical analysis of principle coordinates (CAP) plot for (a) Seascape, (b) South African National Marine 
and Coastal habitats and (c) Biotopes, indicating the axes that best discriminate habitats within each classification. 
SWC=South-western Cape and SB-Southern Benguela. 
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The results of the constrained CAP analyses are shown both graphically (Fig. 5.4) and in 
tabular form (Table 5.4). Graphically, the seascapes were distinguished along the first 
CAP axis by mud content separating out the muddy Seascapes 6 and 7 from the sandy 
sediment Seascapes (Fig. 5.4a). Along the second CAP axis, the seascapes were mainly 
distinguished by depth. For the SANMC habitats, the beaches were separated from the 
subtidal habitats along the first CAP axis (Fig. 5.4b). Along the second CAP axis habitats 
were discriminated based on sediment type separating mud and sand habitats, and depth 
within sandy sediment type.  For biotopes, the Sandy Beach and Sandy Inner Shelf 
habitats were distinguished from the deeper biotopes along the first CAP axis (Fig. 5.4c). 
Along the second CAP axis biotopes were distinguished by sediment type. The seascapes 
had the highest overlap while the biotopes had the lowest overlap with the expert-derived 
SANMC habitats falling in between.     
 
The allocation success of seascapes and SANMC habitats were 92 % and 94 % 
respectively when tested with macro-infauna species abundance data, and 89 % and 
93 % respectively when biomass data was utilised (Table 5.4). These compared well with 
the biotope classification (98 %). On closer inspection of the misclassifications from the 
SANMC habitat classification, there was some evidence to contradict the biogeographical 
break proposed between the Namaqua Sandy Inner Shelf and the South-western Cape 
Sandy Inner Shelf which were frequently misclassified (Table 5.4b). Also the proposed 
depth boundary between the South-western Cape Inshore and Inner Shelf from the 
expert-derived classification was found to be too shallow, hence the misclassification of 
Inner Shelf samples as Inshore (Table 5.4b). For Seascapes, most habitat types had 
some misclassifications (Table 5.4a) mainly as a result of the broader depth and along-
shore ranges. Misclassifications for biotopes were generally limited to single samples from 
replicated sites nearest to the boundaries between habitat types, where a transition 
would be expected. The number of axes (m) required for the lowest misclassification error 
was 35/43 and 37 for the seascapes and SANMC habitats respectively (Table 5.4). This 
was much higher than the 24/19 axes required for Biotopes.  
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Table 5.4: The proportion of samples correctly classified into their relevant 
habitat types according to the (a) Seascape classification, (b) expert-derived 
SANMC habitat classification, and (c) Biotope classification using macro-infaunal 
data. Allocation success=proportion of samples that were correctly classified and 
m=number of axes required to have the highest allocation success. 
 
 (a) 
 
Allocation success (%) 
Seascape classification (m=35 and 43 for abundance and biomass respectively) Total Abundance Biomass 
1: shallow, medium max. chlorophyll conc., steep sloped (>2 %), high medium sand content 20 85 70 
2: shallow, high max. chlorophyll conc., less steep slope (± 1 %), high fine sand content 21 95 90 
3: shallow, low max. chlorophyll conc., less steep slope (± 1 %), high fine sand content 26 85 73 
4: middle shelf (40-200 m), low max. chlorophyll conc., good oxygenation (2-3 ml.l
-1
), high 
very fine sand and no gravel content 26 92 92 
5: outer shelf (200-380 m), medium max. chlorophyll conc., high fine sand content 31 81 89 
6: middle shelf (40-200 m), high mud and no gravel content, low gravel content, hypoxia 
(<2 ml.l
-1
), high sedimentation rates, low organic carbon content 64 100 98 
7: middle shelf (40-200 m), high mud and low gravel content, hypoxia (<2 ml.l
-1
), low 
sedimentation rates, high organic carbon content 21 90 90 
8: outer shelf (>300 m), medium max. chlorophyll conc., high fine sand content 10 100 100 
Total Allocation success (%)  92% 89% 
 
 (b) 
 
Allocation success (%) 
Expert-derived South African National Marine and Coastal habitat classification (m=37) Total Abundance Biomass 
Southern Benguela Dissipative sandy coast 15 87 80 
Southern Benguela Dissipative-Intermediate sandy coast 10 100 100 
Southern Benguela Intermediate sandy coast 5 100 100 
South-western Cape Sandy Inshore 22 91 95 
South-western Cape Sandy Inner Shelf 17 82 82 
Namaqua Sandy Inshore 18 100 94 
Namaqua Sandy Inner Shelf 13 77 77 
Namaqua Muddy Inner Shelf 75 97 93 
Southern Benguela Sandy Outer Shelf 37 97 97 
Southern Benguela Sandy Shelf Edge 14 93 100 
Southern Benguela Muddy Shelf Edge 5 100 100 
Total Allocation success (%) 
 
94% 93% 
 
 (c) 
 
Allocation success (%) 
Biotope classification (m=24 and 19 for abundance and biomass respectively) Total Abundance Biomass 
Sandy Beach 30 100 100 
Sandy Inner Shelf 43 100 98 
Muddy Unstable Middle Shelf 58 97 98 
Muddy organically-enriched Middle Shelf 22 95 95 
Sandy Middle Shelf 22 95 95 
Sandy Outer Shelf 37 100 100 
Shelf Edge 19 100 100 
Total Allocation success (%) 
 
98% 98% 
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The habitat types across the shelf were compared for each habitat classification (Fig. 
5.5). Seascapes tended to cover large depth ranges and have clear latitudinal breaks 
related either to productivity or sediment type. These habitats generally incorporated 
more than one biotope therefore under-classified the communities leading to the false 
homogeneity error.  The SANMC habitats had finer depth breaks, but tended to over-
classify especially on biogeography leading to the false heterogeneity error. In addition, 
the SANMC habitat classification under-classified the Namaqua muddy sediment, 
identifying a single habitat that incorporated two biotopes (i.e. false homogeneity). 
Biotopes which incorporated the macro-infaunal communities was the simplest 
classification combining all sandy inner shelf sites and all sandy middle shelf sites across 
the west coast and only further separating the middle shelf in terms of environmental 
factors such as sediment type. These biotopes represent the most homogeneous habitats 
for the west coast.  
 
 
 
Figure 5.5: Diagrammatic comparison of Seascapes, expert-based South African 
National Marine and Coastal habitats and Biotopes across the west coast shelf.  
River-inf= River-influenced, Org-enrich=Organically-enriched, Mid=middle, 
SB=Southern Benguela, SWC=South-western Cape, Diss=dissipative and 
Int=intermediate. 
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Table 5.5: Allocation success for simplified number of habitats according to 
Seascape, SANMC habitat and biotope classifications. (LWM=low water mark) 
 
Classification Adaptation m 
Allocation 
success 
Seascape 
Depth Categories 
Beach, inner shelf (LWM-30 m), middle shelf (30-200 m), and outer 
shelf (200-500 m)  
37 99 % 
SANMC 
habitat 
Depth Categories 
Sandy Coast (mid-intertidal to 5 m), Inshore (5-30 m), Inner Shelf 
(30-150 m), Outer Shelf (150-350 m), and Shelf Edge (350-500 m) 
40 99 % 
Biotope 
Depth Categories 
Beach, Inner Shelf (LWM-42 m), Middle Shelf (42-142 m), Outer 
Shelf (142-357 m), and Shelf Edge (348-412 m) 
14 99 % 
SANMC 
habitat 
Sandy Coasts combined, all remaining habitats constant 13 95 % 
 
 
To improve the understanding of the sensitivity of the CAP analysis, the three 
classifications were dissolved into the basic depth categories for each classification (4, 5 
and 5 respectively). This resulted in exactly the same allocation success (99 %), an 
increase of 7 % and 1 % respectively. Even at this basic level of comparison, it was 
evident that the m-value at which misclassifications were minimised was much higher for 
seascapes and SANMC Habitats than for biotopes. The combination of the sandy coast 
types into a single habitat resulted in an increase of 1 % in allocation success and a 
reduction in the m-value, implying greater effectiveness of habitat allocation.   
 
Biotope Habitat Map 
 
The biotope habitat map was produced according to ‘rules’ based on depth (offshore) and 
along-shore discriminations. 
 
1. Discrimination based on depth categories:  
a) Sandy coast (HWM to 5 m depth contour)  
b) Inner shelf (5 m to 50 m depth contour) 
c) Middle shelf (50 m to 150 m depth contour) 
d) Outer shelf (150 m depth contour to area of maximum slope/shelf break contour) 
e) Shelf Edge (buffered area of maximum slope/shelf break contour) 
2. Discrimination along-shore (with habitats modified by local conditions): 
a) Beach types are included as per (Harris et al. 2011) 
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b) Middle shelf is divided into  
I. Sandy Middle Shelf – All sandy sediments between 50 m and 150 m depth 
contours 
II. Muddy River-influenced Middle Shelf – Northern section of the Namaqua 
mudbelt to the southerly extent of Orange River flood water taken from the 
January 2011 Diffuse Attenuation Layer (http://gdata1.sci.gsfc.nasa.gov/). 
III. Muddy Organically-enriched Middle Shelf – Southern section of the 
Namaqua mudbelt extending into St Helena Bay 
c) Outer shelf is divided by sediment type, i.e. sand, mud and gravel 
d) Shelf Edge – mud and sand incorporated into a single habitat, gravel as a separate 
habitat type. 
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Figure 5.6: Unconsolidated sediment biotope map for the South African west 
coast. White areas indicate hard ground for example rocky reef. All types of 
sandy coasts were combined for the purposes of this map. 
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Discussion 
Habitat classifications incorporate variables that are known drivers of biodiversity 
distributions in order to adequately represent biodiversity patterns as surrogates. Both 
the Seascape and expert-derived SANMC habitat classifications were based on sediment 
type, depth, slope and upwelling-related variables such as surface productivity, sediment 
organic carbon content and hypoxia (Chapter 3, Sink et al. 2012). These variables are 
recognised as drivers of benthic macrofauna diversity nationally (Chapter 4, Field 1971) 
and internationally (Day et al. 1971, Karakassis and Eleftheriou 1997, Bergen et al. 2001, 
Ellingsen 2002, Defeo and McLachlan 2005, Burd et al. 2008, Currie et al. 2009, Ingole et 
al. 2010, Quintana et al. 2010, Paavo et al. 2011, Buhl-Mortensen et al. 2012). It may 
therefore be postulated that both these classifications should reasonably represent the 
macro-infaunal biodiversity.  
Both the physical Seascape and expert-derived SANMC habitat classifications fit the 
variation in macro-infaunal data to varying degrees above 85 %, thus are good or at least 
adequate surrogates of macro-infaunal biodiversity. The biologically-derived biotopes 
based on macro-faunal communities provided a baseline against which the two surrogate 
habitat classifications and maps could be measured. The allocation success of Seascape 
and expert-derived SANMC habitat classifications differed from the baseline biotope 
classification by a mere 5-9 %. These surrogate habitat classifications performed 
exceptionally well compared to a similar study where false heterogeneity and 
homogeneity were assessed through a comparison of a community distribution map with 
a physical habitat map, but the discrepancy between communities and the physical 
habitat classification was 34 % (Stevens and Connolly 2004).  
Physically-derived habitats (seascapes) are not consistently useful as surrogates for 
benthic macro-faunal communities (Stevens and Connolly 2004, Przeslawski et al. 2011). 
False heterogeneity (over-classification) and false homogeneity (under-classification) tend 
to occur when physical habitats are used as surrogates for biological communities 
(Stevens and Connolly 2004). The utility of Australian seascapes has been tested with 
macro-infaunal data (Przeslawski et al. 2011). It was determined that some seascapes 
were not biologically distinct, an example of over-classification (false heterogeneity). For 
example, two on-shelf seascapes distinguished by depth, but with similar sediment 
content and productivity, consisted of a single macro-infaunal community. Seascapes of 
other areas, particularly heterogenous areas such as the Great Barrier Reef, encompassed 
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more than one biological assemblage and were thus under-classified (false homogeneity; 
Heap et al. 2010, McArthur et al. 2010, Przeslawski et al. 2011). However, the fit 
between seascapes and benthic communities was relatively high at 78% and seascapes 
were considered valid surrogates, but were deemed to require refinement as more fine-
scale data becomes available (Przeslawski et al. 2011). In the current study, the fit 
between seascapes and biological data was high at 89-92 %, but seascapes tended to 
under-classify the biological communities or biotopes (Fig. 5.5). The resolution of 
seascapes based purely on bio- and geo-physical data was considered too coarse to 
represent the subtle and complex patterns in macro-infaunal communities or biotopes 
(Fig. 5.5), as was reported for Moreton Bay, Australia (Stevens and Connolly 2004). 
However, seascape classifications may be improved by the inclusion of physiological 
thresholds related to macro-infauna. 
Basing habitat classification schemes on expert knowledge allows for general ecological 
principles, such as the relationships between physical variables and biological 
assemblages, to be applied even in the absence of substantial biological data for the area 
under investigation (Costello 2009). In the current study, the expert-derived SANMC 
habitat classification performed marginally better than seascapes alone (93-94 %, Table 
5.4). The better fit may be due to the incorporation of processes representing benthic-
pelagic coupling such as hypoxia to which macrofauna respond physiologically. Generally, 
the biotopes followed depth zones (Fig. 5.5) but along-shore the SANMC habitats showed 
both false homogeneity and heterogeneity. A suspected biogeographical break was 
imposed on unconsolidated sediment ecosystems based on species distributions on rocky 
shores and subtidal reefs (Lombard et al. 2004). However the validity of this break was 
not tested at the time due to the lack of macro-infauna data. Harris et al. (2010) has 
subsequently shown that the biogeographical break does not exists in sandy beach 
macrofaunal communities. Similarly, the current study indicated that although there was 
some evidence for the break in the inner shelf, there was no evidence that such a break 
exists along the middle shelf. Habitat classifications based on expert knowledge are also 
likely to under-classify biological communities when influential physical variables are not 
considered. For example, the muddy sediments in the middle shelf were deemed a single 
habitat. But the biotope classification split these muddy sediments into two distinct 
biotopes – the biotope with and without the influence of the Orange River. High riverine 
sedimentation rates result in distinct macro-infaunal communities (Chapter 4, Wijsman et 
al. 1999, Dauvin et al. 2004). This was not noted by the experts for the South African 
west coast classification due to the lack of data. This illustrates the error of false 
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homogeneity in the mudbelt. Despite these errors, it was evident that the application 
expert knowledge to physical data improved the fit of the habitats with the macro-
infaunal data. 
The best fit between biodiversity pattern and habitat classification is when biological data 
are incorporated (Stevens and Connolly 2004, Williams et al. 2009, Dalleau et al. 2010, 
Heap et al. 2010, Przeslawski et al. 2011, Van Wynsberge et al. 2012). The biological 
data may be species richness, species distributions or communities (Greene et al. 1999, 
Heap et al. 2010, Last et al. 2010, Schumchenia and King 2010). For example, the 
inclusion of the Shannon and Simpson diversity indices in the development of seascapes 
in Australia, improved the ability to distinguish the most homogenous habitats at the local 
scale (10s of kms; Heap et al. 2010), particularly in large-scale high heterogeneity 
seascapes identified in the previous seascape classification (100s of kms; Whiteway et al. 
2007). The combination of biological communities and related physical variables to derive 
biotopes provided the best representation of the macro-infaunal distributions for the 
current study. It is therefore proposed that where data is available or capacity and 
resources enable this data to be collected, the best habitat classification is the one that 
includes biological data.  
Deriving the best surrogates to represent biodiversity patterns is a trade-off between the 
costs, time and capacity constraints of classifications. Physically-derived seascapes have 
fewer capacity constraints as the data are frequently available on the web. However, 
biologically-derived biotopes require extensive subtidal surveys. So even though the 
biotopes fit the macro-infaunal data much better than the seascapes, there are instances 
where seascapes may be adequate or at least a good ‘start’. The introduction of expert 
knowledge may further improve the classification based on the physical data at very little 
extra cost, but falls short of the more effective biotope classification. Thus, where funds, 
time, expertise and/or data are limited, the seascape classification adequately represents 
biodiversity pattern at relatively low cost. Expert knowledge of the local ecosystems will 
improve seascape representation at very little extra cost. However, where biological data 
exist, or capacity for data collection is not limited, habitats with biological data best 
represent biodiversity patterns. It is for this reason, that biotopes were used to represent 
west coast unconsolidated sediment biodiversity patterns in the ecosystem-based 
systematic conservation plan (Chapter 8).   
The scale, type of data and statistical methods may influence the effectiveness of habitat 
classifications or maps presenting patterns in biological communities. The Australian 
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seascapes were based on interpolated physical datasets (Whiteway et al. 2007, Heap et 
al. 2010) on a much larger scale (100s-1000s km) than the seascapes in the current 
study, which defined habitats at the scale of hundreds of kilometres. The Australian 
seascapes encompassed greater habitat heterogeneity and possibly a weaker correlation 
between physical and biological data which may explain the slightly weaker fit with 
biological communities. The Australian study used an ANOSIM to determine whether there 
were significant differences among seascapes (Przeslawski et al. 2011). Since all three 
classifications (seascapes, habitats and biotopes) were valid, the ANOSIM was not useful 
for comparing classifications in this study. The CAP analysis provided an alternative 
statistical method for testing the validity of classifications.  
The canonical analysis for principle coordinates (CAP) is a method used to determine the 
validity of defined groups, given that these groups exist (Anderson et al. 2008). The CAP 
analysis has previously been used on the South African east coast to test whether 
biogeographical zones can be distinguished on the basis of reef biota (Porter 2009). The 
analysis used here intended to quantify the allocation success, a measure of the accuracy 
of the habitat classification. The CAP analysis was, however, not originally designed to 
compare between classifications, but rather to classify and predict within a single 
classification. The current use therefore represents a novel application of this method.  
The sensitivity of the CAP analysis was tested using a simple method. In an Australian 
study, it was shown that the reduction of groups to the basic number of groups, in their 
case two groups, resulted in the lowest false homogeneity error (Stevens and Connolly 
2004). The highest homogeneity and heterogeneity error occurred at intermediate group 
levels that incorporated high heterogeneity and high homogeneity groups. At the level of 
groups with highest within-group homogeneity, the errors decreased again (Stevens and 
Connolly 2004). By dissolving the habitat groups to simple depth categories in the current 
study, each category encompassed a large amount of heterogeneity. The categories 
therefore had high allocation success and low false homogeneity. However, when the 
classifications were compared to groups with the highest within-group homogeneity per 
each classification based on the same scale (>10 km), the differences between habitat 
classifications were clear. There was no relationship between the number of groups and 
the allocation success since the expert-derived SANMC habitats (11 groups and the 
reduced 9 groups) performed marginally better than the seascapes (8 groups). It is 
therefore suspected that the CAP analysis is not sensitive to the number of groups but 
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rather to the heterogeneity within groups, which is the measure responsible for 
distinguishing habitat classifications.  
Many different habitat classifications exist (Greene et al. 1999, Connor et al. 2004, Davies 
et al. 2004, Valentine et al. 2005, Madden et al. 2009, Guarinello et al. 2010), the 
strengths and weaknesses of which were often compared during initial feasibility studies 
(Ball et al. 2006, Lund and Wilbur 2007). However, the efficacies of these habitat 
classifications are seldom tested; a clear omission in terms of determining the utility of 
one classification over another. This study demonstrates that the canonical analysis of 
principal coordinates (CAP) can be used to discern the best habitat classification for a set 
of data. It is recommended that further innovative statistical methods be developed to 
compare the utility of various habitat classification systems to support surrogacy 
research. Important aspects to consider in any such future developments are the scale of 
the habitat classifications, sensitivity to different numbers of habitats between 
classifications and the objective of the study.  
In conclusion, habitat classifications require the inclusion of biological data to be 
representative of biodiversity patterns. The Biotope map produced is a good surrogate to 
represent the biodiversity in unconsolidated sediments on the South African west coast. 
Depending on capacity constraints, the more cost-effective seascape classifications or 
expert-derived habitat classifications are also good surrogates, but may be improved by 
the addition of a biodiversity measure (like species richness, abundance or species 
distributions). Biological verification of existing habitat classifications is essential as these 
habitat classifications tend to form the basis for marine ecosystem assessments (including 
threat status and protection levels) which should inform marine spatial planning, policy 
initiatives and management decisions like mining leases and fishing licences (Zacharias 
and Roff 2000, Schumchenia and King 2010, Teck et al. 2010, Gonzalez-Mirelis et al. 
2011, Salomidi et al. 2012). Surrogacy research should aim to improve habitat 
classification systems (Stevens and Connolly 2004, Stevens and Connolly 2005, McArthur 
et al. 2010, Przeslawski et al. 2011) especially in terms of the relationship between 
macro-infauna and depth, which has continuously been identified as a significant 
biodiversity correlate. This relationship is further interrogated in Chapter 6.   
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Chapter 6 
Establishing the relationship between macro-infauna 
species richness and depth on the Southern Benguela 
continental shelf 
Abstract 
The relationship between infaunal species richness and depth has been debated over the 
last 50 years. Three different patterns have been identified to date namely (H1) a unimodal 
relationship with a peak in species richness at the mid-depths on continental shelves, (H2) 
positive linear relationship with species richness increasing depth, and (H3) no trend/ 
relationship between species richness and depth. However, various metrics were used in 
analyses to identify trends including observed species density and interpolative metrics 
based on rarefaction (e.g. the number of species for 50 individuals). Further, these methods 
do not account for the observation process that generally consists of few replicates of small 
sample areas, collected by plot sampling. The aim of this chapter was to test the three 
species richness-depth relationship hypotheses (H1, H2 and H3) using two different species 
richness metrics, namely observed species density (spp.0.2m-2) and estimated species 
richness per site (spp.site-1) calculated with the extrapolative closed capture-recapture 
heterogeneity model that accounts for the detectability of species. Both species richness 
metrics were positively linear from the beach to the shelf edge, where species density 
peaked and then decreased or reached a plateau (H1), while estimated species richness 
remained positively linear (H2). The seemingly unimodal relationship between species 
density and depth was most likely an artefact of low detection probability (at depth) that 
reduced observed species density. Correcting for these attributes, the relationship between 
species richness and depth on the South African west coast is positively linear. This result 
should be accounted for in the conservation and management of deeper shelf environments.  
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Introduction 
The relationship between depth and species richness of unconsolidated sediments has long 
been debated (Sanders 1968, Abele and Walters 1979, Gray 1994, Gage 1996, Gray et al. 
1997, Gray 2001, 2002, Gage 2004), but the debate was mainly centred around comparing 
coastal and deep-sea diversity. Identified patterns were based on regional (gamma) 
diversity of major depth zones, for example the continental shelf and margin (Gray 1994, 
Gray et al. 1997, Levin et al. 2001). A few studies have, however, focussed on the changes 
in species richness with depth within these major depth zones, for example across the 
continental shelf (Gray 2000, Escaravage et al. 2009, Renaud et al. 2009) and across the 
continental margin (Grassle and Maciolek 1992). 
Three main species richness-depth relationships (Fig. 6.1) have been described across 
continental shelves from most continents as part of macro-infauna community studies (Day 
et al. 1971, Field 1971, Karakassis and Eleftheriou 1997, Bergen et al. 2001, Ellingsen 
2002, Jayaraj et al. 2008, Currie et al. 2009, Escaravage et al. 2009, Renaud et al. 2009, 
Ingole et al. 2010). These three relationships based on alpha diversity (hereafter referred to 
as depth-diversity relationships) are proposed here as hypotheses (or potential trends) for 
testing trends from the South African west coast continental shelf. Hypothesis 1, suggests a 
unimodal relationship between species richness and depth across the continental shelf with 
a peak in species richness at the mid-depths following the trend off the South African south 
coast, the Californian shelf, USA, and the European shelf (Field 1971, Bergen et al. 2001, 
Renaud et al. 2009). In South Africa and the USA, the observed pattern was attributed to 
the influence of wave disturbance and modification by sediment type. However, no 
explanation was proposed for the study on the European shelf (Renaud et al. 2009). 
Hypothesis 2 proposes a general increase of species richness with depth as was observed on 
the European shelf due to a decrease in the seafloor organic carbon enrichment with 
increasing depth (Escaravage et al. 2009). And Hypothesis 3 suggests no relationship 
between species richness and depth as was found on the shelf of the Great Australian Bight, 
where oxygen concentration was considered the driving factor (Currie et al. 2009). As 
oxygen concentration varied in a mosaic pattern rather than with a predictable relationship 
with depth, no pattern was identified. It therefore seems unlikely that a single unifying 
global depth-diversity relationship exists. It is more likely that regions subject to similar 
conditions will have a universal relationship between species richness and depth, for 
example eastern boundary upwelling regions. 
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Complex macro-infaunal community diversity patterns are driven by local physical and 
biological processes (Defeo and McLachlan 2005, Jayaraj et al. 2008, Cummings et al. 2010, 
Ingole et al. 2010, Defeo and McLachlan 2011, Buhl-Mortensen et al. 2012, Rodil et al. 
2012, Dutertre et al. 2013). The South African west coast is no exception; the integration of 
a number of overlapping physical variables resulted in complex distributions of habitats and 
macro-infaunal communities (Chapters 3 and 4 of this thesis). It is however important to 
simplify biodiversity patterns on the shelf to a few easily understood patterns to improve 
understanding of sediment ecosystems and inform management of continental shelves. 
 
Figure 6.1: Diagrammatic representation of published hypotheses for the 
relationship between species richness and depth across continental shelves. Three 
hypotheses have been proposed, namely H1: humped relationship with peak in the 
mid-depths (Bergen et al. 2001), H2: positive relationship (Escaravage et al. 
2009), and H3: no relationship (Currie et al. 2009). Transverse section of a 
continental shelf, continental margin which includes the continental slope and rise, 
and the abyss.  
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The observation process and choice of species richness metric may affect the ability to 
establish a depth-diversity relationships. Challenges in the observation process include blind 
sampling methods, difficulty in sampling at greater depths and variable species detection 
probabilities due to patchiness and high numbers of rare species (Day et al. 1971, Field 
1971, Gray 2000, Gray et al. 2005). These observation process challenges complicate the 
interpretation of species richness patterns. Also, the use of various different species 
richness metrics in quantifying depth-diversity patterns posed a challenge to the 
determination of depth-diversity relationships. Few studies have attempted to incorporate 
variation in the observation process, such as the species-area relationship (Abele and 
Walters 1979, Escaravage et al. 2009) or differences in numbers of individuals (Day et al. 
1971, Oliver et al. 2011), into the analyses for establishing depth-diversity patterns. 
However, only a few cases compared different metrics for the same datasets (Abele and 
Walters 1979, Escaravage et al. 2009) which revealed very different depth-diversity 
patterns.  
Most species richness metrics, require large sample sizes to produce reliable results (Gotelli 
and Colwell 2001, Foggo et al. 2003, Chao et al. 2009) which are rarely available for macro-
infaunal datasets. These metrics tend to largely underestimate the species richness of 
unconsolidated sediment macrofauna (Ugland et al. 2003). Innovative models that could 
estimate species richness per area (Gray 2001) and account for ecological processes and 
observation processes are therefore required. For example, the total species (T-S) curve 
which takes into consideration the influence of area and proximity of samples in order to 
provide a more accurate species richness estimation (Ugland et al. 2003). More recently 
mark-recapture models and occupancy models have been adapted to estimate species 
richness (Dorazio et al. 2006, Kéry and Royle 2008), but these have not been tested on 
macrofauna datasets. The main issue related to the study of macro-infauna is small sample 
sizes, however, this cannot be dealt with through statistics, but rather through improved, 
more efficient methods of sampling. 
This chapter aimed to determine a single unifying pattern in macro-infaunal diversity across 
the shelf of the South African west coast by testing the above published hypotheses (H1, H2 
and H3). Two different species richness metrics were used in the analyses. These were (i) 
the observed species density (spp.0.2m-2) as a measure of observed numbers of species per 
sample, and (ii) the estimated species richness (spp.site-1), which accounted for 
heterogeneity in species detection. Estimated species richness was calculated using a 
recently-developed extrapolative method, termed closed capture-recapture heterogeneity 
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model analysed within a Bayesian framework (Royle and Dorazio 2008, Kéry and Schaub 
2012, Royle and Dorazio 2012).  
Methods 
Macro-infauna, depth and sediment grain size data sampled between 2007 and 2010 were 
used in this analysis. This includes samples from 48 sites on the South African west coast 
(Fig. 6.2, Table 6.1), stretching from the beach (i.e. 0 m) to the shelf edge (at 412 m 
depth). Macro-infauna and sediment samples were collected by beach excavation, diver-
suction and grab sampling and had between two and six replicates per site (see Chapters 3 
and 4 of this thesis for further details on the collection and processing of samples). Two 
sites were sampled repeatedly in two different seasons (24-25 and 27-28, Fig. 6.2) but 
were treated as individual sites. Similarly, three sites resampled by De Beers Marine Ltd in 
2008 (where five replicates were collected) and 2010 (where 10 replicates were collected) 
within the austral summer upwelling season (4-9, Fig. 6.2) were treated as separate sites. 
It is fair to treat these sites as independent due to the scale of the investigation and the 
(lack of) accuracy in sampling exactly the same grab location twice.  
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Figure 6.2: Map of South African west coast indicating 48 sites included in the 
analyses. Towns and features closest to the sites are shown. 
 
Statistical analysis of relationship between observed species density (spp.0.2m-2) and 
depth 
Three generalized linear models (GLMs) were fitted to the observed species density data 
corresponding to each of the three hypotheses using the R statistics software (R Core Team 
2013). The GLMs incorporated combinations of depth with percentage mud and percentage 
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very fine sand as covariates. These covariates (mud and very fine sand) are known to 
influence the depth-diversity relationship (Sanders 1968, Gray 1981, Karakassis and 
Eleftheriou 1997, Bergen et al. 2001, Post et al. 2006, Cosentino and Giacobbe 2008, 
Jayaraj et al. 2008, Joydas and Damodaran 2009). The GLM was utilized because species 
richness is a bounded response variable limited to positive integer values which may vary 
substantially. The Poisson distribution was chosen to estimate the distribution of the data 
since only positive integer values were possible. Akaike’s Information Criteria was used to 
determine the model and hence hypothesized depth-diversity relationship that best fit the 
data. The model was checked for over-dispersion and outliers. To compensate for over-
dispersion due to high variability, the quasi-poisson distribution was used.  
Statistical analysis of the relationship between depth and estimated species richness 
(spp.site-1) accounting for observation error 
The data were analysed in two steps. First, the species richness was independently 
estimated at each site. Second, these estimates were used to examine the relationship 
between depth and species richness. Only 42 of the sites containing replicate samples were 
included in these analyses (See Table 6.1), as it was a prerequisite for the species richness 
estimator (model). Species richness was estimated with a closed capture-recapture model 
treating species as one would treat individuals in the classical application of mark-recapture 
analyses (see Appendix 6.1 for code). The number of species in a community is therefore 
treated as analogous to the number of individuals in a population (Boulinier et al. 1998, 
Nichols et al. 1998). Heterogeneity in detection probability among species was accounted 
for by modelling the species-specific detection probabilities as continuous random effects 
with a normal distribution (Kéry and Royle 2008).  
 
To estimate species richness for each site, a data augmentation approach was used and the 
model implemented in a Bayesian framework using Markov Chain Monte Carlo (MCMC) in 
JAGS software (Plummer 2003, Royle and Dorazio 2012). The species richness, inclusion 
probability and detection variation parameters were monitored (MCMC, chains=3, 
iterations=400 000, burn-in=50 000, thin=1). Uniformly distributed priors within the 
probability range (i.e. zero and one) were chosen for both the inclusion probability and the 
average detection probability. A uniformly distributed prior between zero and three was also 
chosen for standard deviation around the species detection probability and the validity of 
this prior was checked post analysis. See Appendix 6.3 for further information regarding the 
functioning of the capture-recapture heterogeneity model. From the resultant posterior 
distribution for species richness, the mean, standard deviation, median and 95 % credible 
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interval were calculated for each site. The credible interval is the Bayesian equivalent to the 
confidence interval in classic statistics. 
In order to examine the relationship between species richness and depth, a series of linear 
models were utilized, each corresponding to one of the three ecological hypotheses (H1, H2 
and H3). Species richness was the response variable, and depth, percentage mud and 
percentage very fine sand were the explanatory variables. To account for the fact that 
species richness values were estimates rather than directly observed data, it was assumed 
that these estimates came from a normal distribution with mean equal to the true richness 
and standard error for each estimate equal to the standard deviation calculated from the 
posterior distribution. Once again JAGS software was used (MCMC chains=3, iterations=50 
000, thin=1) and priors were normally distributed for intercepts and uniformly distributed 
between 0 and 100 for species heterogeneity. Models were selected based on the Deviance 
Information Criterion (DIC) which includes a penalty for the use of a higher number of 
parameters. For the model code, see Appendix 6.2.  
Results 
Observed species density and depth relationship 
Mean species density (spp.0.2m-2) was highly variable and ranged between 2.6 ± 0.55 SD 
spp.0.2m-2 (PB beach, 41) and 39.6 ± 4.51 spp.0.2m-2 (Child’s Bank, 19; Table 6.1). The 
lowest (mean) species densities were found on beaches (i.e. 0 m depth), always being 
below 8 spp.0.2m-2. The highest mean species densities (i.e. > 30 spp.0.2m-2) were 
consistently measured at sites deeper than 250 m with one exception; the shallow sample 
off Melkbosstrand (PSBS 14/03, 44) which contained 37 spp.0.2m-2.  
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Table 6.1: List of data from various sample sites included for statistical analysis in 
this chapter together with summary statistics on depth, percentage mud, 
percentage very fine sand, species density (spp.0.2m-2) and estimated species 
richness (spp.site-1).  
Map 
site 
 
Site name Depth 
m 
Average 
Percentage 
mud 
Average 
Percentage 
very fine 
sand 
Mean Species 
Density 
spp.0.2m
-2
  
(sd) 
Mean Estimated 
Species  Richness 
spp.site
-1
 
(se) 
Source 
1 Port Nolloth Beach 0 1.0 2.7 7.80 (2.28) 16.59 (4.42) This Thesis 
2 Port Nolloth St 3 70 12.9 8.5 10.00 (3.39) 47.39 (24.79) This Thesis 
3 De Beers Bio 2 121 64.2 51.6 10.80 (1.64) 34.69 (11.05) De Beers Marine Ltd. 
4 De Beers C1 08 121 79.8 15.1 11.00 (2.55) 22.69 (5.04) De Beers Marine Ltd. 
5 De Beers  C1 '10 121 78.6 11.9 8.70 (1.95) 25.72 (5.88) De Beers Marine Ltd. 
6 De Beers  A1. 1 08 122 90.8 9.0 9.20 (0.86) 24.94 (7.91) De Beers Marine Ltd. 
7 De Beers  C1.1 '10 122 87.0 11.81 9.40 (2.17) 25.28 (5.09) De Beers Marine Ltd. 
8 De Beers C2 08 122 93.6 6.0 8.00 (3.87) 34.37 (16.93) De Beers Marine Ltd. 
9 De Beers C2 '10 122 87.9 11.24 8.60 (2.22) 23.25 (4.70) De Beers Marine Ltd. 
10  De Beers Bio 1 130 18.4 51.6 26.80 (2.28) 46.98 (5.76) De Beers Marine Ltd. 
11 Port Nolloth St 5 142 35.6 11.9 24.00 (n/a) n/a This Thesis 
12 Platbaai Beach 0 0.9 0.0 2.60 (0.55) 10.00 (9.79) This Thesis 
13 Platbaai St 6 110 90.6 5.8 13.75 (3.86) 49.31 (18.83) This Thesis 
14 Platbaai St 4 118 84.3 3.7 7.75 (2.63) 48.57 (49.13) This Thesis 
15 Platbaai PSBS 01/03 135 25.4 8.4 6.33 (1.53) 26.71 (22.10) This Thesis 
16 Platbaai PSBS 01/05 165 29.0 37.9 19.00 (n/a) n/a This Thesis 
17 Platbaai St 5 187 50.9 42.9 25.80 (1.92) 95.85 (22.26) This Thesis 
18 Platbaai St 7 315 50.9 18.7 22.00 (n/a) n/a This Thesis 
19 Child’s Bank (Child L) 350 26.4 20.6 39.60 (4.51) 444.91 (159.59) Atkinson et al. 2011 
20 Doringbaai PSBS 07/01 41 4.6 8.1 25.00 (n/a) n/a This Thesis 
21 Doringbaai PSBS 07/03 101 97.9 0.9 13.00 (n/a) n/a This Thesis 
22 Doringbaai PSBS 07/05 118 22.67 67.1 29.00 (n/a) n/a This Thesis 
23 Elands Bay Beach 0 0.8 0.4 4.00 (0.71) 10.99 (5.73) This Thesis 
24 St Helena Bay St 3 Apr 09 75 51.18 11.47 17.25 (2.63) 48.67 (13.22) This Thesis 
25 St Helena Bay St 3 Jul 09 75 71.08 5.9 11.60 (0.54) 40.05 (12.44) This Thesis 
26 St Helena Bay St 4 106 80.6 13.0 13.00 (3.46) 71.12 (38.46) This Thesis 
27 St Helena Bay St 6 Apr 09 187 11.23 33.6 28.33 (7.17) 125.66 (29.32) This Thesis 
28 St Helena Bay St 6 Jul 09 187 6.71 40.73 21.25 (11.02) 64.61 (20.64) This Thesis 
29 St Helena Bay St 8 286 5.7 14.9 38.80 (2.94) 209.87 (55.63) This Thesis 
30 St Helena Bay St 10 391 19.3 13.0 34.75 (9.14) 233.79 (92.61) This Thesis 
31 St Helena Bay (Col L) 412 78.8 12.8 17.20 (3.03) 102.91 (48.42) Atkinson et al. 2011 
32 Paternoster Beach 0 6.3 5.1 3.40 (1.14) 14.85 (11.75) This Thesis 
33 Paternoster St. 2 25 9.0 29.2 18.00 (3.00) 39.25 (10.86) This Thesis 
34 Yzerfontein Beach 0 1.2 3.1 3.00 (1.41) 7.31 (3.88) This Thesis 
35 Yzerfontein St. 2 26 8.5 37.7 5.25 (2.87) 56.44 (69.50) This Thesis 
36 Yzerfontein PSBS 11/01 27 12.8 22.7 28.50 (10.61) 61.87 (21.02) This Thesis 
37 Yzerfontein PSBS 11/03 94 60.5 12.7 15.50 (9.19) 82.37 (80.00) This Thesis 
38 Yzerfontein St. 3 95 87.0 11.4 30.40 (4.10) 99.43 (20.24) This Thesis 
39 Yzerfontein St. 4 111 30.8 55.9 27.75 (4.11) 204.71 (85.85) This Thesis 
40 Yzerfontein St. 5 191 36.5 50.7 23.80 (3.96) 103.93 (28.89) This Thesis 
41 Melbosstrand Beach 0 1.0 2.2 3.60 (1.14) 8.63 (4.10) This Thesis 
42 Melbosstrand PSBS 14/01 13 7.2 67.6 27.25 (7.27) 88.14 (20.89) This Thesis 
43 Melbosstrand St. 2 24 1.4 68.4 11.00 (6.22) 68.33 (44.15) This Thesis 
44 Melbosstrand PSBS 14/03 87 14.1 77.9 37.00 (5.83) 113.10 (23.47) This Thesis 
45 Melbosstrand PSBS 14/05 150 24.5 16.7 22.25 (5.85) 79.65 (23.42) This Thesis 
46 Melbosstrand St 6 274 9.9 19.8 33.67 (6.03) 155.53 (80.35) This Thesis 
47 Melbosstrand St 7 357 21,2 71.3 33.67 (8.50) 113.54 (41.02) This Thesis 
48 Cape Point L 348 21.2 7.1 36.20 (10.11) 259.02 (108.14) Atkinson et al. 2011 
Chapter 6: Depth-diversity relationship 
168 
 
 
Table 6.2: General Linear Model selection table for relationship between observed 
species density and depth. Each model represents a single published hypothesis.  
Model AIC ∆ AIC 
Number of 
parameters 
H1: Depth
2*, Depth*, % mud* and % very fine 
sand* 
1622.9 0 5 
H2: Depth*, mud* and very fine sand* 1695.9 73.0 4 
H3: Mud and very fine sand* 2247.4 624.5 3 
AIC is Akaike’s Information Criterion (AIC). ∆ AIC is the difference between the model and the model with the lowest 
AIC. The best model is emboldened. * indicates that the term within the model is significant. 
 
Model H1 (Table 6.2) best fit the observed species density data (AIC=1622.9) with all terms 
being significant. Samples with a high mud percentage had lower observed species density 
than average (negative intercept), while samples with a large fraction (%) of very fine sand 
had higher than average observed species density at any given depth. Species density 
increased with depth from 0 m to 350 m, then decreased to 412 m (Fig. 6.3).  The highest 
species density was found around 350-380 m (26-53 spp.0.2m-2), and the lowest at 0 m on 
the beach (2-10 spp.0.2m-2). 
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Figure 6.3: A scatterplot of the species density (S; spp.0.2m-2) for depths between 
0 m and 412 m depths across the continental shelf of the South African west coast. 
The quadratic generalized linear model (shown as the grey line) indicates the best 
fit for the species density response to depth for average percentage mud and very 
fine sand. 
Estimated species richness and depth relationship 
The estimated species richness varied between 7.3 spp.site-1 (Yzerfontein beach, 34; Table 
6.1) and 444.9 spp.site-1 (Child’s Bank, 19). The lowest estimated species richness were 
found on beaches (i.e. 0 m depths) at 7-10 spp.site-1, while more than 200 spp.site-1 were 
estimated for sites deeper than 280 m. The only exception is the shallower Yzerfontein St 4 
(39) at 111 m depth (204.7 spp.site-1), which has high very fine sand content.  
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Table 6.3: Model selection table for relationship between estimated species richness 
and depth. Each model represents a single published hypothesis.  
Model Deviance DIC ∆ DIC 
Number of 
parameters 
H1: Depth
2, Depth*, % mud and %very fine 
sand* 
17.25 49.27 0 6 
H2: Depth*, mud and very fine sand* 17.68 49.42 0.15 5 
H3: Mud and very fine sand* 18.82 55.6 6.33 4 
DIC is the Deviance Information Criterion. ∆ DIC is the difference between the model and the model with the lowest DIC. The best 
models are emboldened. * indicates the terms within the model that are significant. 
 
Models H1 and H2 were very similar (Table 6.3) with the same significant terms, namely 
depth and percentage very fine sand. The Depth2 term in Model H1, however, had a credible 
interval that overlapped with zero, an indication that this term is not significant. Therefore 
the second model seems more plausible suggesting that the estimated species richness is 
more likely to be positively linear with depth (Model H2, Table 6.3, penalized deviance of 
49.42). The credible interval for percentage mud overlapped zero in all three models 
implying that percentage mud was not significant in any of the models, but the percentage 
of very fine sand had a positive effect on species richness. 
The general relationship between species richness and depth was determined to be 
positively linear with the highest diversity at the greatest depth (Fig.6.4). The credible 
intervals for species richness estimates were generally wider at deeper sites indicating 
greater uncertainty around these estimates. The greatest variation around estimates was 
calculated for sites at depths greater than 300 m, although another peak was evident 
around the 80-120 m depths. 
Chapter 6: Depth-diversity relationship 
171 
 
 
Figure 6.4: The relationship between mean estimated species richness (dots) and 
depth for mean percentage mud and very fine sand values (shown by black line). 
The estimated species richness values were back-transformed from log estimated 
species richness accounting for the slight curvature in the line. The 95 % credible 
intervals are indicated by grey lines.  
 
Both the species density and the estimated species richness relationships with depth (Fig. 
6.3 and 6.4 respectively) increased across the shelf with depth. These trends indicate that 
the highest species richness was in the range of 280 m to 400 m. The shallowest sites 
(beaches at 0 m) consistently had the lowest species richness. These trends are therefore 
generally similar, but differ in their detail.  
Since it is known that observed species richness per site (i.e. the total number of species 
observed at a given site) is much lower than the number of species actually present at the 
site (Ugland et al. 2003, Gray et al. 2005), a result of plot sampling, the difference between 
the observed species per site and the estimated species richness per site is compared in Fig. 
6.5. There was a general increase in estimated species richness with observed species 
richness. At very low species richness values, the observed species richness was not much 
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lower than the estimated species richness per site. However, the difference between 
estimated and observed species richness increased with an increase in observed number of 
species. The credible interval width also increased with the estimated number of species; 
the largest credible intervals found where more than 100 species were observed. The sites 
of lowest species richness tended to be the shallow sites, whereas the sites of high species 
richness tended to be the deeper sites, implying greater difficulty in observing true species 
richness at deeper sites and supporting the positively linear trend in Fig. 6.4. 
 
Figure 6.5: The relationship between observed and estimated species richness 
(dots) for the 42 sites. The 95% credible intervals are indicated by the grey lines 
through each point. The black line shows the 1:1 ratio between estimated and 
observed species richness per site.  
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Discussion 
The aim of this investigation was to obtain a generalised relationship between species 
richness and depth for macroinfaunal communities. Both observed species density and 
estimated species richness increased with depth across the shelf to approximately 350 m. 
However, beyond this depth the patterns tended to diverge according to species richness 
metric used. This is consistent with the findings of other studies where different species 
richness metrics were utilised (Sanders 1968, Abele and Walters 1979, Escaravage et al. 
2009, Renaud et al. 2009).  
In the current study, observed species density showed a unimodal relationship with depth or 
at least plateaued. Estimated species richness, an extrapolative metric accounting for 
heterogeneity in species detection, however showed a positive, linear relationship with 
depth on the shelf. These results broadly agree but suggest that the detectability of species 
may influence the ability to assess patterns in species richness of macro-infauna. This was 
an issue also raised in the context of monitoring marine macrofauna populations where the 
detectability of individuals largely influenced the ability to determine the size of the 
population (Katsanevakis et al. 2012).  
The position of the peak in the unimodal depth-diversity relationship, based on species 
density, was of interest since it was much deeper than described on continental shelves 
elsewhere (Day et al. 1971, Field 1971, Bergen et al. 2001, Renaud et al. 2009). The 
species richness peaks in these studies were either on the mid-shelf or just beyond the 
wave turbulent nearshore. These authors related the reduced species richness on either side 
of the described peaks to wave turbulence in the nearshore and muddy sediment on the 
outer shelf (Field 1971, Karakassis and Eleftheriou 1997, Bergen et al. 2001), However 
when sediment grain size remained constant across the shelf, a plateau was reached at 
mid-depths that continued to the shelf edge (Day et al. 1971). In the current study, the 
species richness peak was on the shelf edge therefore the variables described above were 
not likely to be responsible for the pattern observed.  
The influence of local processes may explain the shift in the peak diversity to the deeper 
shelf in the current study. Low species density in the mid-shelf in the current study is due to 
seasonal hypoxia and the presence of a carbon-rich mudbelt in the intermediate depths of 
approximately 80-120 m (Rogers and Bremner 1991, Rogers and Rau 2006, Jarre et al. in 
prep). Both hypoxic and muddy sediments are prone to low species diversity (Sanders 
1968, Zettler et al. 2009, Hernandez-Miranda et al. 2012). The hypoxic conditions could 
account for the shift of the peak species density from intermediate depths to deeper sandy 
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areas, but does not explain the peak on the shelf edge when both the shelf edge and the 
outer shelf are well-oxygenated and dominated by sandy sediments (Chapters 2 and 3). The 
deepest site sampled was muddy, which may explain the slight decrease in species density 
from 350 m to 412 m. The high mud content of the deepest station may have biased the 
observed species density-depth relationship. In addition, the shelf edge is known to be 
subject to turbulence (Monteiro et al. 2005, Veitch 2009). The decline in species richness 
may therefore be an artefact of greater sampling difficulty reducing the detectability of 
species.  
In macro-infaunal research, the detectability of species is likely to covary with depth. 
Sampling becomes progressively more difficult with depth because of sampling artefacts. 
Sampling equipment must travel through a deeper water column, and may therefore be 
affected by a number of factors including the movement of the ship which is magnified at 
greater depths and water currents which shift the equipment preventing efficient sample 
collection. The observation process might therefore lead to biased patterns in the 
observations that completely obscure patterns in species richness. In addition, the patchy 
nature of species distributions (Gray 1981), the use of plot sampling (Katsanevakis et al. 
2012) and the large proportions of rare species in macro-infauna data (Gray et al. 2005) 
impact the detectability of species. Thus, it becomes necessary to account for this variation 
in species detection when exploring patterns in species richness with depth.  
A positive linear relationship was shown between estimated species richness and depth. The 
capture-recapture heterogeneity model utilised to estimate species richness accounted for 
the variation in species detectability related to physical and biological factors such as 
sediment type or species interactions.  The relationship established concurred with a study 
on the European coast (Escaravage et al. 2009), which accounted for the influence of the 
species-area relationship on the species richness pattern with depth. The increase in species 
richness with depth was thought to result from the response of macro-infauna to a decrease 
in the amount of organic matter reaching the seafloor as depth increased (Escaravage et al. 
2009). In upwelling regions the decomposition of organic matter often leads to low oxygen 
water which reduces diversity (Sanders 1969). Therefore as organic enrichment decreased 
with depth, more species were able to inhabit the sediment (Escaravage et al. 2009). 
Similar conditions are experienced on the South African west coast. A decrease in 
productivity with depth is thus a plausible explanation for the observed positive, linear 
depth-diversity relationship. Thus the species density-depth relationship is most likely also 
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positively linear (H2) but strongly influenced by species density outliers especially at the 
extremes of the depth range (for example mud at 412 m).  
The capture-recapture heterogeneity model utilized in this study revealed the ecological 
depth-diversity relationship by separating it from the observation process. The method 
seemed to be robust to outliers, for example the deep muddy site drew the tail end of the 
species density-depth relationship into a decline (Fig. 6.2), but not so for the estimated 
species richness (Fig. 6.3). The method copes with few replicates reasonably well, apparent 
from the De Beers sampling sites which were similar in species richness for 2008 with only 
five replicates and 2010 where 10 replicates were collected (Table 6.1). This method also 
seems to be appropriate for situations with unbalanced replicates in the sampling design 
(Fig. 6.5), where estimated species richness seemed to increase at a steady rate with 
observed species richness per site regardless of the number of replicates. This particular 
capture-recapture method makes the assumption that the community is closed. The 
assumption was met in the current study since replicate samples at each site were collected 
within two hours of each other and were spatially from a single community, evidenced in 
Chapter 4 of this thesis, therefore no colonisation or extinction was likely to occur. The 
method is also capable of accommodating variation in species detectability, which is 
inherent in ecological data to varying degrees (Gray et al. 2005). Since most macro-infaunal 
studies are similarly replicated and meet the assumptions, these methods could easily be 
applied to future studies. However, the accuracy of this estimator should be determined 
based on a more comprehensive set of data and it should be compared to other non-
parametric extrapolative techniques such as the Chao estimators that are currently 
considered the best methods of species estimation (Chao 1987, Gotelli and Colwell 2001, 
Foggo et al. 2003, Chao et al. 2009).  
The incorporation of species detection probability or species-area relationships in the 
assessment of species richness patterns with depth have been shown to produce different 
depth-diversity patterns when based on the same dataset (Sanders 1968, Abele and 
Walters 1979, Escaravage et al. 2009, Renaud et al. 2009). Together with the afore-
mentioned European shelf study (Escaravage et al. 2009), a second study was published 
based on the same dataset, using species density and the number of species per 50 
individuals calculated by rarefaction (Renaud et al. 2009). Renaud et al. (2009) described a 
unimodal distribution of species richness across the shelf with a peak in the mid-depths, 
based on their species richness metrics, which clearly contradicted the depth-diversity 
relationship that takes into account the species-area relationship (Escaravage et al. 2009). 
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The current study thus concurs with Escaravage et al. (2009) in terms of the discrepancy 
between depth-diversity relationships based on species density or rarefaction metrics and 
metrics that incorporate observation process error. It is therefore important to understand 
the variation due to the observation process in species richness metrics before determining 
the depth-diversity relationship.  
Despite having established a reasonable depth-diversity pattern, there may be a number of 
reasons for deviations based on local conditions. These include changes in physical 
environment and timing. Physical environment does influence the depth-diversity 
relationship, regardless of the choice of species richness metric (Day et al. 1971, Field 
1971, Grassle and Maciolek 1992, Karakassis and Eleftheriou 1997, Bergen et al. 2001, 
Jayaraj et al. 2008, Joydas and Damodaran 2009). On the South African west coast shelf, 
the variation in both the species density and estimated species richness around 60-140 m 
depths is most likely due to distinct habitats (Chapters 3 and 4) which encompass three 
different macro-infaunal communities (Chapter 3). Further investigations into physical 
factors that influence depth-diversity relationships are necessary to qualify these potential 
deviations from the established trend. These physical factors may include organic 
enrichment (Quijon et al. 2008), oxygen concentration (Currie et al. 2009), or water 
movement (Day et al. 1971). Temporal variation in species richness should also be 
considered particularly in marine areas of great seasonal or inter-annual variation in the 
physical environment. In order to establish depth-diversity relationships in such areas, it is 
recommended that data be collected when the maximum diversity is available 
In conclusion, several species richness metrics exist but only a few of them take into 
consideration the heterogeneity of species detection or the species-area relationship. 
Metrics that account for various observation errors are required in order to use this very 
popular measure of biodiversity with greater precision. The closed capture-recapture 
method accounting for heterogeneity of species detection is one such measure that could 
assist benthic ecologists with limited macro-infaunal data to derive patterns in true species 
richness by separating the ecological process from the observation process. 
The positively linear depth-diversity relationship established for the South African west 
coast has a number of implications for the management of marine unconsolidated shelf 
sediments. In South Africa, the number of seabed mining applications has increased and 
often the applications suggest that species richness decreases with depth (pers.comm. Dr 
Kerry Sink, South African National Biodiversity Institute). The results of the current study 
refute this claim. Trawling is concentrated on the shelf edge (Sink et al. 2012), the area 
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highest macro-infaunal diversity, which prioritises the inclusion of shelf edge habitats in 
marine protected areas. Therefore current management and planning initiatives should 
incorporate the described relationship to ensure effective management of marine 
unconsolidated sediment ecosystems.   
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Appendix 6.1: Capture-recapture heterogeneity model code  
#load packages 
library(lattice) 
library(coda) 
library(rjags) 
 
# read data 
histories <- read.csv("Natasha full biota data set.csv") 
covariates <- read.csv("Natasha covariates full.csv") 
 
nstations <- length(unique(covariates$ID))          # number of stations                                       
repls <- as.vector(table(covariates$ID))            # grabs per station 
maxrepl <- max(repls)                               # maximum number of grabs 
aug <- 600                                           # number of species to augment 
 
# put observations into an array: rows = species, col = replicates, dim 3 = stations 
y <- array(NA, dim=c(dim(histories)[1]+aug, maxrepl, nstations)) 
 
for (j in 1:repls[1]) y[, j, 1] <- c(histories[, j+1], rep(0, aug)) 
for (j in 1:repls[2]) y[, j, 2] <- c(histories[, repls[1]+j+1], rep(0, aug)) 
for (k in 3:dim(y)[3]) {   
  for (j in 1:repls[k]) y[, j, k] <- c(histories[, sum(repls[1:k-1])+j+1], rep(0, aug)) 
} # end k 
 
# calculate number of observed species per station 
Nobs <- rep(NA, nstations) 
for (i in 1:nstations) Nobs[i] <- sum(apply(y[,1:repls[i],i], 1, sum)>0) 
 
 
# ******************************* 
# Specify model in BUGS language 
# ******************************* 
sink("M_single station.txt") 
cat(" 
model { 
 
# Priors 
omega ~ dunif(0, 1)     # inclusion probability related to z matrix 
alpha <- log(mean.p / (1-mean.p))  # heterogeneity of detection per species (logit) 
mean.p ~ dunif(0, 1)    # ave. detection probability of species 
 
tau <- 1 / (sd * sd)    #  
sd ~ dunif(0, 3)    #sd of norm dbn~species det prob on logit scale 
 
# Likelihood 
for (i in 1:M){ 
z[i] ~ dbern(omega)    #occurrence = ecological process 
eps[i] ~ dnorm(0, tau)   # estimate norm dbn for species det prob 
 
y[i] ~ dbin(p.eff[i], nrepls)   #detection = observation process 
p.eff[i] <- z[i] * p[i]    #can only be detected if z=1 
p[i] <- 1 / (1 + exp(-lp[i]))   #detection probability 
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lp[i] <- alpha + eps[i]#det prob has norm dbt variance influenced by species heterogeneity 
} #i 
 
# Derived quantities 
N <- sum(z[])         #species richness 
logN <- log(N)         # log(N) might have more symmetric dbn than N 
} # end model 
",fill = TRUE) 
sink() 
 
 
# looping over all stations 
# ------------------------- 
 
output <- list(logN = matrix(NA, nrow=length(repls), ncol=5), N = matrix(NA, nrow=length(repls), ncol=5), mean.p = 
matrix(NA, nrow=length(repls), ncol=5), sd = matrix(NA, nrow=length(repls), ncol=5), omega = matrix(NA, 
nrow=length(repls), ncol=5), Gelman = matrix(NA, nrow=length(repls), ncol=5))  
 
n.adapt <- rep(50000, 42) #number of iterations exclude from posterior 
distribution 
 
n.iter <- rep(400000, 42)    # number of iterations 
 
start <- Sys.time() 
for(i in 1:length(repls)) {  
 
    # Bundle data 
    win.data <- list(y = apply(y[,,i],1,sum, na.rm=T), M = dim(y)[1], nrepls=repls[i]) 
    # Initial values 
    inits <- function() list(z = rep(1, dim(y)[1]), sd = runif(1, 0.1, 0.9)) 
    # Parameters monitored 
    params <- c("logN", "N", "mean.p", "sd", "omega") 
     
    print(paste("now doing station", i)) 
 
    # Call JAGS 
    # Compile the model. 
    jm <- jags.model("M_single station.txt", win.data, inits, n.chains=3, n.adapt=n.adapt[i]) 
 
    # Take a few more samples 
    jc2 <- coda.samples(jm, params, n.iter=n.iter[i]) 
 
        # Summarize the posteriors and save 
    # saves log N, its mean, SD, 2.5th, 50th, and 97.5th percentile 
    output$logN[i,] <- c(as.numeric(summary(jc2)$statistics[2,1:2]), as.numeric(summary(jc2)$quantiles[2,c(1,3,5)]))  
 
    # saves N, its SD, 2.5th, 50th, and 97.5th percentile 
    output$N[i,] <- c(as.numeric(summary(jc2)$statistics[1,1:2]), as.numeric(summary(jc2)$quantiles[1,c(1,3,5)]))  
 
    # saves mean.p, its SD, 2.5th, 50th, and 97.5th percentile 
    output$mean.p[i,] <- c(as.numeric(summary(jc2)$statistics[4,1:2]), 
as.numeric(summary(jc2)$quantiles[4,c(1,3,5)]))  
 
Chapter 6: Depth-diversity relationship 
182 
 
    # saves sd, its SD, 2.5th, 50th, and 97.5th percentile 
    output$sd[i,] <- c(as.numeric(summary(jc2)$statistics[3,1:2]), as.numeric(summary(jc2)$quantiles[3,c(1,3,5)]))  
     
    # saves omega, its SD, 2.5th, 50th, and 97.5th percentile 
    output$omega[i,] <- c(as.numeric(summary(jc2)$statistics[5,1:2]), 
as.numeric(summary(jc2)$quantiles[5,c(1,3,5)]))  
     
    # MCMC diagnostics 
    # Rubin-Gelman statistic for N, mean.p, omega, and sd 
    output$Gelman[i,] <- as.numeric(gelman.diag(jc2)$psrf[,1])    # Should be ~ <1.1 
} 
 
end <- Sys.time() 
print(difftime(end, start, unit = "hours"),3) 
 
save(output, file = "Species Richness per station.RData") 
 
#load("Species Richness per station.RData") 
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Appendix 6.2: Bayesian Linear Model code for determining species 
richness-depth relationship 
# ++++++++++++++++++++++++++++++++++++++++++++++++++ 
# Analyse species richness in relation to covariates 
# ++++++++++++++++++++++++++++++++++++++++++++++++++ 
 
depth <- aggregate(covariates$depth, by=list(covariates$ID), mean) 
depths <- scale(depth$x) 
 
mud <- aggregate(covariates$X..mud, by=list(covariates$ID), mean) 
muds <- scale(mud$x) 
 
vf <- aggregate(covariates$vf, by=list(covariates$ID), mean) 
vfs <- scale(vf$x) 
 
 
# Define model in BUGS language using all physical variables 
sink("bma.txt")  
cat("  
model {  
 
# Priors  
beta0 ~ dnorm(0, 0.0000001)           # intercept 
beta.m ~ dnorm(0, 0.0000001)          # mud intercept 
beta.d ~ dnorm(0, 0.0000001)           # depth intercept 
beta.d2 ~ dnorm(0, 0.0000001)           # depth2 intercept 
beta.vf ~ dnorm(0, 0.0000001)           # very fine sand intercept 
 
tau.station <- pow(sd.station, -2) 
sd.station ~ dunif(0, 100)        # Species heterogeneity 
 
 
# Likelihood 
for (i in 1:n){  
   logN[i] ~ dnorm(mu.station[i], tau.error[i]) 
   mu.station[i] ~ dnorm(mu[i], tau.station) 
   mu[i] <- beta0  + beta.m * muds[i]  + beta.d * depths[i] + beta.d2* pow(depths[i],2) + beta.vf*vfs[i]  
   tau.error[i] <- pow(se.estimate[i], -2) 
} 
 
# Derived quantities 
} # end model  
",fill=TRUE)  
sink()  
 
# Bundle data 
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N.data <- list(logN = output$logN[,1], se.estimate = output$logN[,2],  
    n = dim(output$logN)[1], depths=as.vector(depths), muds=as.vector(muds), vfs = as.vector(vfs))  
 
# Initial values  
inits <- function() list(beta0 = rnorm(1), beta.m = rnorm(1), beta.d = rnorm(1), beta.d2 = rnorm(1), 
beta.vf = rnorm(1), sd.station = runif(1,0,10))  
 
# Parameters monitored  
params <- c("beta0", "beta.m", "beta.d", "beta.d2", "beta.vf")   
 
# Call JAGS 
# Compile the model. 
N.mod <- jags.model("bma.txt", N.data, inits, n.chains=3, n.adapt=1500)  
 
# Draw samples from the posterior 
Nc <- coda.samples(N.mod, params, n.iter=50000) 
 
# View the Markov chains 
plot(Nc, ask=T) 
summary(Nc) 
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Appendix 6.3: Description of closed capture-recapture heterogeneity 
model for estimating species richness at a single site 
The closed capture-recapture  heterogeneity model (Mh) makes use of incidence data from recurrent 
sampling at a site (Kéry and Schaub 2012). The system should be closed in both time and space. 
Replicates must be collected within a short enough period to ensure that all the species are available for 
detection for the entire sampling period and that there is no immigration or emigration of species. In 
addition, replicates must be from a small enough area to ensure that the same community is being 
sampled. Heterogeneity models assume that each species has an individual probability of detection. This 
is true because the detection probability of each species will be related to the abundance of that species 
as well as a number of covariates that are unmeasured, or we may not know which factors are drivers of 
species distributions (Kéry and Schaub 2012). The following description of the model is based on Royle 
and Dorazio (2012). 
 
Example 1: Representation of the closed capture-recapture model. Observed incidence data are 
augmented with zeros to produce a community of fixed species number. The model is expanded to 
include species detection and inclusion probabilities, the distributions of which are estimated using 
MCMC algorithms. This produces the probability that the species is in the sample reflecting the 
true state of the species, i.e. presence or absence from the community from which species richness 
for the site can be inferred. 
Our particular implementation uses a numerical trick called data augmentation (Royle and Dorazio 
2012). The observed data is augmented with zeros to create a community for the particular site with 
known number of species (Example 1). The true species richness falls somewhere between the number 
of observed species (Nobs) and the augmented number of species (M). The purpose of this methodology 
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is to estimate how many of the augmented zeros are “sampling” zeros, i.e. the species are present but 
not detected in that particular community.  In order to determine this, a latent variable that indicates 
the true state of a particular species based on a binomial distribution (zi~Bern(0,1)) is introduced.  If 
zi = 1, the species is present and if zi = 0, the species is absent from the particular community. In order to 
determine z, the basic model of observed data is expanded by incorporating a parameter measuring the 
probability of inclusion of a species in the community. The heterogeneity of species detection is included 
in the model using the typical logit-normal distribution, i.e. heterogeneity is modelled as continuous 
random effects with a normal distribution. The inclusion probability and species detection parameters 
are sampled by a simple Markov Chain Monte Carlo algorithm, e.g. Gibbs sampling, rather than the 
actual number of species. These parameters are used to determine z. Once z is determined for each 
“species”, it may be summed to produce the estimated species richness of the community at a particular 
site.   
 
 
Example 2: Diagrammatic representation of the functioning of Markov Chain Monte Carlo 
algorithm which uses simulation to approximate the posterior distribution. By defining an initial 
value, the MCMC has a starting point from which it takes “steps”, based on statistically defined 
limits, in different directions in order to best approximate the true distribution of the parameter 
(a). (b) The trace plot (x=# iterations, y=number of species) shows the convergence of multiple 
chains from 10000 iterations, these first iterations are discarded as burn-in. The remaining 
posterior distribution is described by the median, 2.5th and 97.5th credible interval and summarised 
with density plots (c).  
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The Bayesian statistical framework is based on the way humans learn (Kéry and Schaub 2012). The data 
is used to update our existing knowledge in order to predict a future response, or the posterior 
(prediction/response) is proportional to the likelihood (statistical model) times the prior (existing 
knowledge).  The Bayesian framework is based on probabilities according to Bayes Rule, which is 
explained mathematically as 
 
where A and B are two mutually excluded events. This means that the probability of observing A, given B 
is true, p(A|B), is equal to the probability of observing B given A, p(B|A),  times the marginal probability 
of observing A, p(A), divided by the marginal probability of observing B, p(B).  Markov Chain Monte Carlo 
(MCMC) algorithms present one method of simulation to approximate the posterior distribution of the 
parameters of interest. Where the distributions of parameters are not known, the algorithm allows one 
to “discover” the distribution through trial and error by using a large number of iterations (Example 2a). 
These values are then used to produce the posterior distribution of the parameters of interest including, 
in this case, the number of species. The posterior distribution values are shown in a trace plot (Example 
2b) and usually consist of more than one chain. The chains only converged at 10000 iterations in 
Example 2b, therefore the first 10000 iterations are discarded as burn-in so the initial values do not 
influence the posterior distribution.  The posterior distribution summarised graphically in density plots 
(Example 2c) based on the median and 95 % Credible Interval (CRI is a term specifically used in the 
Bayesian framework instead of confidence interval).  
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Chapter 7 
Setting conservation targets: modifying species-area 
relationships to account for variable species detectability  
Abstract 
Generalised, fixed conservation targets are often favoured by biodiversity planners 
especially in data-poor regions/systems. However, habitat-specific conservation targets 
are thought to be more appropriate than fixed targets but are data ‘hungry’. One 
frequently used method for setting habitat-specific conservation targets is species-area 
relationships (SAR) implying that more diverse habitats require larger conservation 
targets (or areas). The purpose of this chapter was to calculate conservation targets for 
unconsolidated sediment habitats by using SAR, for the west coast of South Africa. The 
macro-infaunal dataset used in these analyses consisted of 427 species from 42 sites or 
220 samples. However, in order to account for variable detection of species due to the 
biases in observation process and to include uncertainty around conservation targets, a 
modified method was used. The SAR method was modified by substituting the commonly 
used bootstrap species richness estimator with a Multi-species Site Occupancy Model 
(MSOM) which accounts for variability on detection of species. The results suggest that 
conservation targets increased with depth and ranged between 10 % and 15 % (at a 95 
% credible interval or confidence interval). This is in accordance with a fixed 10% target 
set by the Convention of Biological Diversity and is in line with recent international 
studies, which set conservation targets between 11 % and 32 %. These results also 
affirm the value of the modified SAR approach. These habitat-specific conservation 
targets will allow systematic conservation planning initiatives to set appropriate targets 
for unconsolidated sediments on the west coast, to conserve the biodiversity 
encapsulated in it as well as the threats these habitats face. 
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Introduction 
A rich biodiversity is fundamental to the healthy functioning of marine ecosystems and 
the provision of ecosystem services (Worm et al. 2006, Stachowicz et al. 2007, Palumbi 
et al. 2009). Intact or restored biodiversity has been shown to improve ecosystem 
resilience (in the form of resistance, recovery and stability), decrease variability and 
increase productivity (Worm et al. 2006, Stachowicz et al. 2007). Conversely the loss of 
biodiversity has led to increased rates of resource collapse and decreased resilience and 
water quality (Worm et al. 2006). Conserving biodiversity is therefore imperative for the 
sustainability of ecosystem processes and services (Palumbi et al. 2009). To this end, the 
Convention for Biological Diversity (CBD) has developed a set of conservation policies to 
which signatories are required to conform (CBD 2004, 2006, 2010). Signatories of the 
CBD are committed to protect at least 10 % of their marine and coastal areas by 2020 
(CBD 2010).  
Systematic conservation planning has been adopted as a calculable means of  identifying 
priority areas for management or protection (Margules and Pressey 2000, Cowling and 
Pressey 2003, Clark and Lombard 2007, Lombard et al. 2007, Game et al. 2008, Ban et 
al. 2009, Sink et al. 2012). A key step in this planning process is the setting of 
conservation targets against which existing conservation areas can be reviewed and 
additional conservation areas can be selected (Margules and Pressey 2000). Pressey et al. 
(2003) emphasized the requirement for quantitative conservation targets in the 
systematic conservation planning process. Conservation targets should include both 
spatial representation and persistence (the long-term maintenance) of biodiversity 
(Cabeza and Moilanen 2001, Pressey et al. 2003, Game et al. 2008, Carwardine et al. 
2009, Harris et al. in press). A number of methods for determining such targets have 
been proposed and reviewed (Rondinini and Chiozza 2010).  
Conservation targets are either fixed or variable (Rondinini and Chiozza 2010). Fixed 
targets are usually based on international conventions or agreements such as the CBD. 
Alternatively, variable targets have been defined by a number of different means 
(Rondinini and Chiozza 2010), namely (i) heuristic principles or a common sense 
approach, or the more data intensive (ii) species-area relationships (SAR) or (iii) 
empirical models such as Population Viability Analysis (PVA). The use of fixed targets 
versus evidence-based variable targets has been widely debated but it is generally 
accepted that variable targets are more appropriate for biodiversity conservation (Soulé 
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and Sanjayan 1998, Pressey et al. 2003, Rodrigues et al. 2004, Svancara et al. 2005, 
Carwardine et al. 2009).  
Species-area relationship based targets are particularly utilized when comprehensive data 
on the biology and ecology of particular species are not available (Rondinini and Chiozza 
2010), which is often the case in the marine environment. In order to determine these 
targets, surrogates for biodiversity, particularly habitats or species assemblages, are 
required (Pressey 2004). The scientific community have questioned the effectiveness of 
surrogates (van Jaarsveld et al. 1998, Grantham et al. 2010, Mellin et al. 2011), but 
studies have shown that habitat surrogates are suitable for certain ecosystems, for 
example terrestrial plant and marine macro-infauna biodiversity (Pressey et al. 2003, 
McArthur et al. 2010). SAR-based targets have strengths and limitations. They do not 
incorporate persistence, but adequately represent the current distribution of the habitat 
(Desmet and Cowling 2004). They are relatively easy to revise with improved data, but 
are also data intensive. Although these aspects have been noted, recent conservation 
target analyses for the marine sediment environment have utilised the SAR method 
(Rondinini 2011, Metcalfe et al. 2012). 
In most developing countries, marine research is constrained by funding availability, 
expertise and equipment. Data collection is frequently prioritised to fisheries (generating 
wealth), or to shallow-water ecological research. Resultantly, data paucity increases with 
depth (Amaral and Jablonski 2005, Wells et al. 2007, Ban et al. 2009, Griffiths et al. 
2010). This poses a challenge to the use of species-area relationships in setting 
conservation targets as data availability is limited (Desmet and Cowling 2004), and 
species richness estimators, e.g. Bootstrap, Jackknife and Chao, are reliant on large 
sample sizes (Gotelli and Colwell 2001, Chao et al. 2009, Rondinini 2011, Metcalfe et al. 
2012). As a result conservation targets for data-poor habitats are often based on fixed 
targets of 10-20 % (Lombard et al. 2004, Wells et al. 2007, Ban et al. 2009, Sink et al. 
2012). However, it may be more constructive, to generate scientifically defendable 
conservation targets specific to each habitat, based on the best available data, instead of 
using generalised fixed targets applied to all ecosystems. It is also more constructive to 
set conservation targets based on current, best available information rather than waiting 
for more data and losing habitats/species altogether. Targets are not absolute, and 
should be reported with a measure of uncertainty. This indicates that the development of 
targets is an adaptive process dependent on the quality and quantity of the data to be 
improved and updated regularly.  
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Species richness estimation is an integral part of the SAR method (Desmet and Cowling 
2004). Asymptotic species richness estimators estimate the number of species based on 
the frequency of singletons and doubletons in a dataset (Foggo et al. 2003, Chao et al. 
2009). However, it has been noted that these estimators are not efficient when datasets 
include many rare species (Ugland et al. 2003, Chao et al. 2009), a common feature of 
marine macro-infauna datasets (Gray et al. 2005). These estimators are also data-
limited, and therefore require large sample sizes to ensure efficiency (Gotelli and Colwell 
2001, Chao et al. 2009, Rondinini 2011, Metcalfe et al. 2012). The bootstrap species 
richness estimator based on species accumulation curves, is most commonly used in the 
calculation of SAR-based targets because it produces the most conservative estimates 
(Desmet and Cowling 2004, Rondinini 2011, Metcalfe et al. 2012). However, these 
estimates do not account for variation in the detectablity of species (an issue highlighted 
in the investigation of the relationship between depth and species richness of macro-
infauna in Chapter 6). The SAR method may therefore be improved by the incorporation 
of a species richness estimator that accounts for variable species detection. 
This chapter aimed to (i) calculate conservation targets for unconsolidated sediments, (ii) 
adapt the existing methodology for calculating SAR-based targets to account for variable 
detection of species, and (iii) quantify the uncertainty around conservation targets, which 
thus far have been limited to single values as a result of the species richness estimators 
utilised. A relatively uncommon method of species richness estimation, namely the Multi-
species Site Occupancy Model (MSOM, Dorazio et al. 2006) calculated in the Bayesian 
statistical framework, is introduced as an alternative to more commonly employed non-
parametric species richness estimators. The adapted methodology was applied to a 
macro-infauna dataset from the unconsolidated sediment habitats of the South African 
west coast. 
Methods 
Habitat map 
The biotope map, produced in Chapter 5 of this thesis, outlines the spatial extent of 
unconsolidated sediment habitat types on the South African west coast. Eleven sediment 
biotopes were identified on the west coast (Chapter 4), of which seven were included the 
target analysis in the current chapter. For the purposes of this study all beach 
morphodynamic types for the South African west coast, namely dissipative, dissipative-
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intermediate and intermediate, were included in a single ecosystem due to low sample 
numbers for each individual beach type.  
 
 
Figure 7.1: Biotope map for the South African west coast showing the 48 
sampled sites. Sites are indicated by black dots respectively. White areas 
indicate hard ground, islands and lagoons. 
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Biological survey data 
Macro-infaunal data collected between 2007 and 2010 were collated into a single dataset, 
(De Beers Marine Ltd unpublished data, Atkinson et al. 2011, Chapter 4). This dataset is 
the most comprehensive for unconsolidated sediment of the South African west coast 
continental shelf to date. It consists of 427 species from 42 stations (i.e. 220 samples), 
from the border with Namibia to just north of Cape Point and spans the entire width of 
the continental shelf from the beach to the shelf edge (Fig. 7.1).  Data were collected by 
beach excavation, suction-sampling and grab sampling but sample area was standardised 
(0.2m2). The Inner Shelf biotopes were not analysed in this chapter due to differences in 
sampling methods which prevented the comparison of species richness between samples. 
For details regarding the survey methods, see Chapters 3 and 4 of this thesis. 
Calculating conservation targets for biotopes 
Outline of SAR-based method 
The targets were calculated following the SAR-based approach developed by Desmet and 
Cowling (2004) in which the SAR is treated as a power function. This approach was 
deemed the best available method for setting habitat-specific conservation targets 
(Desmet and Cowling 2004, Rondinini 2011, Metcalfe et al. 2012), even though 
limitations of this approach are acknowledged (Lomolino 2000, Scheiner 2003, Dengler 
2009, Tjorve 2009, Smith 2010, Metcalfe et al. 2012). 
For the purposes of conservation target setting the SAR power function (Equation 1) was 
re-written in terms of proportions (Equation 2, A' and S') since absolute values were not 
necessary, eliminating the need to estimate the constant c (Desmet and Cowling 2004).  
S= cAz (1) 
[S=number of species, A=area, z=rate of accumulation of species, c=constant] 
S'= A'z (2) 
The rate of accumulation of species (z) was then calculated as the slope of the 
relationship between the proportions of number of species and area (Equation 3). The z-
value could therefore be calculated as one would the slope of a straight line (Equation 4), 
z= log S'/log A' (3) 
z=(y2-y1)/(x2-x1) (4) 
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where y2=log(total number of species in a habitat type), y1=log(average number of 
species per survey sample), x2=log(total area of habitat in km
2) and x1=log(average area 
of samples in km2). Two of these variables (y1 and x1, Table 6.2) were derived directly 
from the habitat-specific inventory data and the third, the total area for each habitat (x2), 
was calculated from the biotope map in QGIS (QGIS Development Team 2013). 
Therefore, in order to calculate the z-value, it was only necessary to estimate the total 
number of species (y1).  
Species richness estimation 
Although many species richness estimators exist (Smith and Vanbelle 1984, Gotelli and 
Colwell 2001, Foggo et al. 2003, Dorazio et al. 2006), there does not seem to be 
consensus on which extrapolative estimators provide the best estimations (Chiarucci 
2012). Popular non-parametric asymptotic estimators include Bootstrap, Jackknife 1, 
Jackknife 2 and Chao 2, but they are data intensive, in that they require a large amount 
of samples for an accurate measure of true species richness (Gotelli and Colwell 2001, 
Chao et al. 2009). Asymptotic estimators are also thought to greatly underestimate the 
true species richness of macro-infauna (Ugland et al. 2003). There is general agreement 
that the bootstrap estimator is the preferred estimator for calculating conservation 
targets because it is the most conservative estimator, and should be considered a 
minimum estimate (Desmet and Cowling 2004, Rondinini 2011). However, the bootstrap 
species richness estimates increase with increasing sample size even at very large sample 
sizes (Metcalfe et al. 2012), therefore its estimates are not stable. The bootstrap 
estimator was however used in recent studies quantifying conservation targets for marine 
unconsolidated sediment habitats in Europe (Rondinini 2011, Metcalfe et al. 2012), 
therefore it is included in the estimator comparisons. Bootstrap, Jackknife 1, Jackknife 2 
and Chao 2 estimators were used to estimate species richness per habitat in R-statistics 
Version 3.0.1 with the specpool function in the vegan package (Oksanen et al. 2013). 
Since the west coast data consisted of few samples and even fewer sites, the asymptotic 
estimators were deemed inappropriate for use on the west coast macro-infauna data and 
were therefore not used in further analyses.  
A relatively uncommon method of extrapolative species richness estimation, the Multi-
species Site Occupancy Model (MSOM) that accounts for the observation process, was 
utilized in this study. The MSOM estimator was used in further analyses because it was 
established in Chapter 6 of this thesis that a species richness estimator that accounted for 
the observation process was a more robust species richness metric. The MSOM (Appendix 
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6.1) uses replicate samples to model the detectability and occurrence of individual species 
across a number of sites in order to calculate estimated true species richness (Dorazio et 
al. 2006). MSOMs make use of repeated sampling at exact locations within a sufficiently 
short period between samples to prevent colonizations and extinctions in the existing 
community (Dorazio et al. 2006). Data from this study lends itself well to this type of 
analysis because the community is divided into spatial sample units (i.e. sites), which can 
be considered representative of the community and replicate samples were collected with 
the same level of effort in a sufficiently short period to prevent colonisation or extinction. 
However, across the sampling region sites were sampled over a four-year period which 
may violate the assumption that no extinctions or colonisations occurred over the regional 
sampling period. Chapter 4 of this thesis indicated that seasonality and annual variability 
over the period of sampling did not strongly influence the communities of the South 
African west coast, therefore it was deemed acceptable to use the MSOM. 
The MSOM was applied to six biotopes, each including three or more sites and more than 
10 samples in total per site. The Inner Shelf was excluded since sampling methodologies 
prevented the comparison of species richness (see Chapter 4 for explanation). Each 
habitat dataset was augmented with 500 to 2000 “species” depending on observed 
number of species. The Markov Chain Monte Carlo (MCMC, 3 chains, 100 000 iterations, 
50 000 burn-in, 20 thinning) algorithm was run within the WinBugs program (Lunn et al. 
2000). The MSOM estimates were accepted if, (i) the three MCMCs converged in the 
iterative history graph, and (ii) the histogram tail of the posterior distributions of N was 
not truncated and (iii) the total number of augmented species exceeded the 97.5% range 
value. For an example of the code, see Appendix 6.2. These analyses produced a 
posterior distribution of 7500 species richness estimates, which was summarised into a 
median and 95 % credible interval for each habitat. Since the model constrains the N-
value to greater than or equal to zero, the median (as opposed to the mean) is the more 
conservative estimate to use. 
Conservation target calculation  
From the posterior distribution of species richness estimates for each, a random sample 
of 1000 estimates was drawn. These estimates were looped through equation 4 to 
produce z-values which were included in a variation of equation 1 to determine 
percentage targets for the representation of 80 % of the species. The z-values and 
targets were then summarised into a median and 95 % credible interval for each to 
report on the level of certainty around each target. 
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Results 
The Bootstrap estimator consistently produced the lowest species richness estimates 
(Table 7.1). The Chao 2 and Jackknife 2 estimators produced the highest species richness 
estimates of all the asymptotic estimators. Chao 2 and Jackknife 2 estimators produced 
estimates similar to those of the MSOM for the Sandy Coast and Muddy Organically-
enriched Middle Shelf. However, MSOM estimates for the Sandy Middle Shelf, Sandy 
Outer Shelf and the Shelf Edge were higher than those of the remaining estimators. The 
MSOM did not converge for data from the Muddy River-influenced Middle Shelf; therefore 
this was excluded from further analyses. 
Table 7.1: Comparison of species richness estimates for unconsolidated habitats 
on the west coast, with sample sizes greater than ten, based on the most 
popular estimators and the Multi-species Site Occupancy Model (MSOM).  
Habitat Observed 
number 
of species 
Chao 2 
Mean 
(SE) 
Jackknife 1 
Mean 
(SE) 
Jackknife 2 
Mean 
Bootstrap 
Mean 
(SE) 
MSOM 
Median 
(95 % Credible 
Interval) 
Sandy Coast 19 25.00 
(5.29) 
24.87 
(1.93) 
26.80 22.76 
(1.23) 
25 
(20-37) 
Muddy River- Influenced 
Middle Shelf 
31 35.5 
(4.80) 
36.88 
(2.40) 
38.88 33.76 
(1.40) 
Not converged 
Muddy Organically-enriched 
Middle Shelf 
64 97.06 
(18.97) 
86.04 
(6.04) 
100.11 73.53 
(3.31) 
100 
(79-132.52) 
Sandy Middle Shelf 135 179.02 
(17.79) 
176.28 
(11.31) 
197.33 153.76 
(6.41) 
236 
(193-293) 
Sandy Outer Shelf 183 262.72 
(25.94) 
249.06 
(14.22) 
286.63 212.17 
(7.68) 
301 
(265-349) 
Sandy and Muddy Shelf 
Edge 
212 353.24 
(39.27) 
304.84 
(26.13) 
363.80 
 
252.09 
(12.93) 
456 
(361-583) 
 
The Sandy Coast had the lowest average observed species richness (4.1 spp.0.2m-2) and 
the Shelf Edge had the highest species richness (Table 7.2, 31.8 spp.0.2m-2). The Muddy 
Organically-enriched Middle Shelf had a lower mean number of species per sample (11.9 
spp.0.2m-2) than that of the Sandy Middle Shelf (28.6 spp.0.2m-2). The estimated species 
richness followed the same pattern as the observed species richness, with the Sandy 
Coasts having the lowest species richness and the Sandy Shelf Edge having the highest 
species richness (i.e. 456 species).  
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Table 7.2: Habitats for which conservation targets were calculated using the SAR 
analyses, with associated total area, number of sites and species richness 
descriptors. Estimated species richness based on the multi-species site 
occupancy model (MSOM) methodology and the calculated z-values were 
included, based on the 0.2 m2 area of each sample taken. The percentage 
habitat target for the protection of 80 % of the species was also included.  
Habitat Area 
(km
2
) 
No. of 
sites 
No. of 
samples 
Observed 
species 
richness 
Mean 
Species 
Density 
(0.2m
-2
) 
Median 
Estimated 
species 
richness 
(95 % 
Credible 
Interval) 
Z 
(95 % 
Credible 
Interval) 
Target 
% 
(95 % 
Credible 
Interval) 
 
Southern 
Benguela 
Sandy Coast 
208 6 30 19 4.1 
25 
(20-37) 
0.087 
(0.077-0.108) 
7.8 
(5.4-12.6) 
Muddy 
Organically-
enriched 
Middle Shelf 
9,469 13 74 64 11.9 
100 
(79-132.52) 
0.087 
(0.077-0.098) 
7.7 
(5.5-10.3) 
Sandy Middle 
Shelf 
6,206 5 17 135 28.6 
236 
(193-293) 
0.087 
(0.079-0.096) 
7.7 
(5.9-9.9) 
Sandy Outer 
Shelf 
56,400 8 35 183 27.8 
301 
(265-349) 
0.090 
(0.086-0.096 
8.5 
(7.4-9.8) 
Sandy and 
Muddy Shelf 
Edge 
13,863 3 14 212 31.8 
456 
(361-583) 
0.107 
(0.097-0.117) 
12.3 
(10.0-15.0) 
 
The median z-values ranged between 0.087 and 0.107, therefore median targets ranged 
between 7.7 % and 12.3 % (Table 7.2).  The Sandy Outer Shelf and Southern Benguela 
Shelf Edge had the highest median z-values and targets (0.090 and 8.5 %, and 0.107 
and 12.3 % respectively), while the remaining habitats had the same median z-values 
and targets (0.087, 7.8-7.9 %). There is an increase in median target with depth for the 
sandy habitats from the middle shelf to the shelf edge. The median targets for the Muddy 
Organically-enriched and Sandy Middle Shelves were equal. The 95 % credible interval 
was narrowest for the Sandy Outer Shelf and widest for the Sandy Coast. The upper limit 
of the 95 % credible interval was approximately 10 % for the middle and outer shelves 
but higher for the Sandy Coast (12.6 %) and the Shelf Edge (15 %).   
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Discussion 
Fixed conservation targets have been criticized by the scientific community as being 
unsubstantiated and generally too low for adequate biodiversity conservation (Soulé and 
Sanjayan 1998, Agardy et al. 2003, Pressey et al. 2003, Desmet and Cowling 2004, 
Svancara et al. 2005, Heppel et al. 2008, Rondinini 2011, Metcalfe et al. 2012, Harris et 
al. in press). However, in developing countries fixed targets are often the only means 
available to support analyses to improve representation of data-poor habitats in protected 
area networks (Wells et al. 2007, Ban et al. 2009, Sink et al. 2012),. Marine biodiversity 
researchers in these developing countries have identified a need for more biodiversity 
data with better spatial representation (Amaral and Jablonski 2005, Ban et al. 2009, 
Griffiths et al. 2010), which will require the allocation of substantial resources. Therefore 
it is better to calculate variable targets with the best available data than to delay 
conservation planning until more data is collected or use fixed conservation targets.  
Internationally, quantitative conservation targets calculated for unconsolidated sediment 
habitats have ranged between 10 % and 32 % (Heppel et al. 2008, Rondinini 2011, 
Metcalfe et al. 2012, Harris et al. in press) in order to protect 80 % of the species . The 
median targets calculated for the west coast of South Africa tended towards the lower 
limit of this range (7-12 %). Uncertainty around the conservation targets in the current 
study, provide information on the precision of the calculated target although the accuracy 
of the target may only be ascertained with more extensive sampling. Precision refers to 
the width of the credible interval; the narrower the range of the credible interval, the 
more precise the estimate. Accuracy refers to the closeness of the target to the true 
value. The Sandy Coast target had the largest credible interval indicating that further 
sampling was required to improve the precision of the conservation target. The Sandy 
Outer Shelf, known as a very homogeneous habitat (Chapter 4) had the smallest credible 
interval range implying that the target was more precise. To ensure 95 % confidence in 
the targets the upper limit of the credible interval (i.e. 10-15 %) should be incorporated 
into spatial planning initiatives. These upper limit targets were within the range of those 
for the English Channel (10-26 %; Metcalfe et al. 2012), based on macro-infauna, and 
Herceta Bank, USA (15 %; Heppel et al. 2008), based on epifauna and fish. Therefore, 
the modified SAR-based method produced plausible conservation targets comparable to 
those of unconsolidated sediments of relatively well-sampled areas using popular species 
richness estimators. Although these targets are at the lower end of the international 
range, they are scientifically defensible targets based on the best available data and can 
be updated as more data becomes available. 
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Conservation targets appear to follow the depth-diversity patterns across the shelf (Table 
7.2, Chapter 6). In the current study, targets were similar for the Sandy Coast and the 
middle shelf habitats, but increased in the Sandy Outer Shelf and the Shelf Edge (Table 
7.2) reflecting the depth-diversity pattern uncovered in Chapter 6. Targets for the 
unconsolidated sediments of the English Channel, however, decreased with depth 
reflecting the pattern in species richness across that shelf (Metcalfe et al. 2012). In both 
cases these patterns in targets were not related to the total area sampled or the total 
area of each habitat. Therefore it is evident that high diversity areas are more likely to 
have high targets than areas of low diversity.  
The calculation of SAR-based conservation targets is dependent on the rate of species 
accumulation which impacts the estimated number of species (Desmet and Cowling 
2004). Therefore, factors affecting the rate of species accumulation, such as sediment 
type, habitat heterogeneity and patchiness, are likely to impact the conservation target. 
Sandy sediment habitats are reported to have higher diversity than muddy habitats 
(Sanders 1968, Bergen et al. 2001), a pattern that was also detected in Chapter 4. It is 
therefore expected that sandy habitats will have higher conservation targets than muddy 
habitats for similar depth zones as was shown in the UK (Rondinini 2011, Metcalfe et al. 
2012). This is most likely due to low rates of species accumulation as a result of low 
species turnover between sites in muddy habitats. However the Muddy Organically-
enriched Middle Shelf and the Sandy Middle Shelf on the South African west coast had the 
same conservation target with similar uncertainty even though the muddy middle shelf 
had much lower species richness than the sandy sediments. The reasons for this are 
unclear but may be related to species turnover between sites. The Muddy Organically-
enriched Middle Shelf had slightly lower similarities between sites (mostly <30 %) than 
the Sandy Middle Shelf (mostly 30-40 %).  Areas of high species turnover (beta diversity) 
are therefore likely to require higher conservation targets than areas of low species 
turnover. Thus it is recommended that the underlying influences on targets be understood 
when interpreting SAR-based conservation targets. 
Conservation targets calculated for sandy coasts (10 %) in this study were much lower 
than those calculated for all South African sandy beaches (27 %; Harris et al. in press). 
The discrepancy is attributed to a number of factors related to the methodologies 
employed. Firstly, the current study only sampled one level of the beach, but Harris et al. 
(in press) sampled across the width of the entire beach, more accurately reflecting the 
entire complement of beach biodiversity. By sampling a single beach zone, certain species 
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found exclusively in other zones, for example the air-breathing crustaceans of the high 
shore zone (Defeo and McLachlan 2005, 2011), were excluded from the species pool 
leading to an underestimation of the species richness for the entire beach habitat. This is 
evident in the MSOM species richness estimate for beaches being lower than the observed 
species richness (80 species) on west coast beaches (Harris 2012). Secondly, the 
methods of estimating species richness were different. The method in Harris et al. (in 
press) estimated the number of species per beach through a proportional increase based 
on number of species per transect (3 m2) and total area of the beach. In this study, 
however, species richness was estimated using the MSOM which models the presence of 
observed species and potentially present species across a number of sites, to estimate 
the species richness for all west coast sandy coasts. Thirdly, in the current study all beach 
morphodynamic types were combined into a single west coast habitat, namely Sandy 
Beach. Alternatively, Harris et al. (in press) combined beaches from the entire coast of 
South Africa into beach morphodynamic types (dissipative, reflective and intermediate) 
which were then used to calculate a single conservation target  for all beaches. And lastly, 
the Sandy Beach biotope used in the SAR calculation for the west coast extended from 
the mid-intertidal into the subtidal to 5 m depth, which diluted the species richness 
relative to the area, possibly contributing to a low target. Thus habitats that are limited in 
extent could result in higher conservation targets. The implications of the differences in 
methodologies described above are not fully understood, therefore it is proposed that 
these estimates be compared using the same dataset on an extensively sampled beach of 
known species richness. However, it is concluded that a conservation target of no less 
than 10% be used for sandy beach ecosystems.  
Conservation targets based on species-area relationships have been shown to be 
influenced by sample size and choice of non-parametric species richness estimator 
(Metcalfe et al. 2012). These factors influence species richness estimates. Sample size is 
a key limiting factor in the calculation of total species richness in a given area because 
asymptotic species richness estimators have minimum sample size requirements in order 
to stabilize (Desmet and Cowling 2004, Chao et al. 2009, Metcalfe et al. 2012). The 
popular Bootstrap estimator, which is considered the best and most conservative 
estimator for setting SAR-based conservation targets (Desmet and Cowling 2004), is 
influenced by sample size predicting greater targets with increasing sample size (Metcalfe 
et al. 2012). In the current study, sample sizes for each habitat were small and samples 
were aggregated due to replication, which prevented the use of the Bootstrap estimator. 
The Multi-species Site Occupancy Model (MSOM) for species richness estimation makes 
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use of replicated species occurrence data and is particularly useful for data with many 
uncommon or rare species (Dorazio et al. 2006), a known attribute of macro-infaunal 
datasets (Gray et al. 2005). The MSOM is therefore a more robust estimator of species 
richness making specific use of replicated data. The scope of this chapter did not include 
testing the influence of sample size on the MSOM estimator, although this would need to 
be quantified if the method is to be adopted in future. 
Detectability of macro-infaunal species influences species richness estimates and is most 
likely variable due to actual differences in the abundance of species and due to 
differences caused by sampling gear efficiency. In areas of high observed species 
richness, abundances of individual species are variable influencing detectability (Chapters 
4 and 6). Sampling gear efficiency may be affected by the depth of the water column 
through which the gear must travel (Chapter 6) or the sediment type (Christie 1975). The 
Multi-species Site Occupancy Model (MSOM) models both detectability as a result of the 
observation process and the occurrence of species simultaneously, thus improving 
estimation of species richness (Dorazio et al. 2006). The dataset for the west coast 
macro-infauna has a large proportion of rare species with approximately 40 % of species 
found in single samples (Chapter 4), conditions under which the MSOM performs well 
(Dorazio et al. 2006). Where few, common species were observed, for example the Sandy 
Coast and Muddy Organically-enriched Middle Shelf habitats, detection probabilities were 
high. Thus asymptotic estimators based on incidence data (Chao 2 and Jackknife 2) and 
MSOM produced estimates similar to the observed species richness. However, in the 
deeper sandy habitats, where observed species richness was higher and detectability of 
species became more variable, the MSOM estimated species richness to be greater than 
that of the asymptotic estimators. Since asymptotic estimators are based on species 
accumulation rates in the observed data, these results mirror the findings that (i) species 
richness increases with depth and (ii) detectability is most variable in species-rich sites or 
habitats at greater depths (Chapter 6).   
In the absence of data or where data are limited in spatial extent, fixed conservation 
targets may be the only option available to biodiversity planners and researchers. The 
value of the conservation target should, however, be set at a percentage that will most 
likely be representative of the biodiversity, being cognisant that this target should be 
revised as data improve.  For South African marine habitats, conservation targets for the 
protection of 80 % of the species in unconsolidated sediment habitats were between the 
fixed 10 % and 20 % targets suggested by the CBD and World Parks Congress (IUCN 
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2005, CBD 2010). It is therefore recommended that a 10 % target is sufficient to ensure 
representation of lower diversity sediment habitats, while 20 % should be used for 
biotopes with high diversity (guided by literature). Special features (if any) should be 
dealt with on a case by case basis.  
Conservation targets, whether fixed or SAR-based, should be considered minimum 
targets since they only focus on the representation of species (Rodrigues et al. 2004). 
These targets do not incorporate aspects of species persistence or future scenarios such 
as climate change (Pressey et al. 2003, Rondinini and Chiozza 2010). A number of studies 
(mainly terrestrial) have used heuristic principles to adjust the minimum conservation 
target based on threat status of species or habitats (Pressey et al. 2003, Harris et al. in 
press), and understanding of ecosystem services (Rondinini and Chiozza 2010, Harris et 
al. in press), ecological and evolutionary processes (Klein et al. 2009). Marine 
unconsolidated sediments make up the largest single ecosystem in the world with 
sedimentary organisms playing a major role in ecosystem services such as nutrient 
cycling, trophic transfer, pollutant metabolism, sediment transport or stability, and food 
production (Snelgrove 1997). Processes required for the persistence of these sediment 
habitats and their species should be included in conservation plans. Future work should 
consider new ways of incorporating persistence. 
In conclusion, SAR-based flexible conservation targets should be calculated where 
possible using the best available data and including a measure of uncertainty. The 
resultant targets are more scientifically-defendable while providing important information 
to decision-makers and spatial planners on the uncertainty around these targets, 
highlighting the fact that these values may change as more data becomes available. 
Detectability of species is an important consideration particularly for habitats containing 
many rare or uncommon species. The inclusion of the MSOM estimator which models both 
ecological and observation processes simultaneously is likely to produce better estimates 
of species richness than the more popular asymptotic estimators, but requires further 
verification to determine its accuracy. The conservation targets for the current study 
ranged between 10 % and 15 %. A 10 % conservation target is therefore recommended 
for data-poor unconsolidated sediment habitats on the South African west coast. The 
process of setting conservation targets for continental shelf sediments in South Africa 
revealed that SAR-based conservation targets are influenced by a number of factors 
affecting the species accumulation rate, regardless of the species richness estimator 
employed. These factors may be related to the observation or ecological process. 
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Quantitative targets should not be applied blindly. Instead underlying influences on 
targets should be elucidated in order to ensure the correct interpretation of targets for 
inclusion in conservation plans.  
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Appendix 6.1: Description of Multi-species Site Occupancy Model 
(MSOM) for estimating species richness of a habitat 
 
I used a Multi-species Site Occupancy Model (MSOM) to estimate the number of distinct 
species occupying a particular region (Dorazio et al. 2006). This model attempts to 
separate the ecological process (occurrence) from the observation process (detection). 
MSOM utilises repeated sampling at exact locations within a sufficiently short period to 
prevent colonisation and extinction in the community. An additional assumption is that 
the species are consistently identified. The particular model I used allows for 
heterogeneity in occurrence and detection of species to account for the fact that species 
differ in their probability of being captured and do not occur everywhere with equal 
probability.   
 
 
Example 1:  Representation of the Multi-species Site Occupancy Model (MSOM). Incidence 
data (k=replicates, n=observed number of species)  for a number of sites where 1 means 
a species was detected in a sample at a site and 0 means that the species was not 
detected.  The observations are augmented with an arbitrarily large number of zeros to 
produce a super-community (S) of fixed number of species (a). This is a statistical trick to 
simplify estimation of the number of species that were present but never observed. The 
estimation problem is now shifted to separating the augmented zeros into those that 
represent species that were not detected and extra zeros – a problem similar to the one 
that regular occupancy models are designed to solve. The model estimates species 
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detection and inclusion probabilities within a Bayesian framework using MCMC algorithms. 
The model is set up as a state-space model with matrix (b) representing the true 
presence/absence for each species at each site. Matrix (b) is only partly observed 
because species can go undetected. “Sampling” zeros indicated in grey (a) may be a 
reflection of true absence or non-detection (b). The inclusion probability (c) is the 
probability that a species from the super-community forms part of the regional 
community (W) and species richness is the sum over the vector W. The estimated species 
richness is therefore higher than the observed species richness.  
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Appendix 6.2: An example of the Multi-Site Occupancy Model code  
 
The original code was taken from Dorazio et al. (2006). This example is based on the beach data from this 
chapter. 
 
#BEACH 
#read in data 
X =as.matrix(read.csv(file="Beach.csv")) 
 
#read in the replicates for each station and create a matrix 
nr <- c(5,5,5,5,5,5) 
nr1 <- rep(nr,dim(X)[1]+400)                                       #add extra zeros to matrix to match the Multisppsiteocc fn 
nr2 <- matrix(nr1,nrow=dim(X)[1]+400, ncol=dim(X)[2],byrow=T)      #create a matrix 
nrepls=nr2 
 
#run the Multi-species Site Occupancy Model 
beach = MultiSpeciesSiteOcc(nrepls, X) 
 
summary(beach$fit$sims.matrix) 
 
alpha.post = beach$fit$sims.matrix[,"alpha"] # posterior distribution of the site-level effects 
sigmaU.post = beach$fit$sims.matrix[,"sigma.u"] # posterior distribution of the species-level effects 
N.post = beach$fit$sims.matrix[,"N"]  # posterior distribution of the species richness estimates 
hist(N.post, breaks = 10, col = "grey", main = "", xlab = "Community size", las = 1, freq = FALSE) #histogram 
   
nsites = 30 
CumNumSpeciesPresent(nsites, alpha.post, sigmaU.post, N.post) 
 
MultiSpeciesSiteOcc 
MultiSpeciesSiteOcc = function(nrepls, X) { 
 
  start.time = Sys.time() 
   
  # augment data matrix with an arbitrarily large number of zero row vectors 
  nzeroes = 400 
  n = dim(X)[1] 
  nsites = dim(X)[2] 
  Xaug = rbind(X, matrix(0, nrow=nzeroes, ncol=nsites)) 
 
  # create arguments for WinBUGS() 
  sp.data = list(n=n, nzeroes=nzeroes, J=nsites, K=nrepls, X=Xaug)  
 
  sp.params = list('alpha', 'beta', 'rho', 'sigma.u', 'sigma.v', 'omega', 'N') 
 
  #initial values 
  sp.inits = function() { 
    omegaGuess = runif(1, n/(n+nzeroes), 1) 
    psi.meanGuess = runif(1, .25,1) 
    theta.meanGuess = runif(1, .25,1) 
    rhoGuess = runif(1, 0,1) 
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    sigma.uGuess = 1 
    sigma.vGuess = 1 
    list(omega=omegaGuess, psi.mean=psi.meanGuess, theta.mean=theta.meanGuess, 
tau.u=1/(sigma.uGuess^2), tau.v=1/(sigma.vGuess^2), rho=rhoGuess, 
         w=c(rep(1, n), rbinom(nzeroes, size=1, prob=omegaGuess)), 
         phi=rnorm(n+nzeroes, log(psi.meanGuess/(1.-psi.meanGuess)), sigma.uGuess), 
         eta=rnorm(n+nzeroes, log(theta.meanGuess/(1.-theta.meanGuess)), sigma.vGuess), 
         Z = matrix(rbinom((n+nzeroes)*nsites, size=1, prob=psi.meanGuess), nrow=(n+nzeroes)) 
         ) 
  } 
 
  # fit model to data using WinBUGS code 
  library(R2WinBUGS) 
  fit = bugs(sp.data, sp.inits, sp.params, 
    model.file='MultiSpeciesSiteOccModel.txt', 
    debug=T, n.chains=3, n.iter=100 000, n.burnin=50 000, n.thin=20, DIC=TRUE) 
   
  end.time = Sys.time() 
  elapsed.time = difftime(end.time, start.time, units='mins') 
  cat(paste(paste('Posterior computed in ', elapsed.time, sep=''), ' minutes\n', sep='')) 
   
  list(fit=fit, data=sp.data, X=X) 
 
 
MultiSpeciesSiteOccModel.txt 
 
model { 
 
omega ~ dunif(0,1) 
 
psi.mean ~ dunif(0,1) 
alpha <- log(psi.mean) - log(1-psi.mean) 
 
theta.mean ~ dunif(0,1) 
beta <- log(theta.mean) - log(1-theta.mean) 
 
sigma.u ~ dunif(0,10) 
sigma.v ~ dunif(0,10) 
 
tau.u <- pow(sigma.u,-2)  # 1/(sigma.u)^2 
tau.v <- pow(sigma.v,-2) 
 
rho ~ dunif(-1,1) 
var.eta <- tau.v/(1-pow(rho,2)) 
 
for (i in 1:(n+nzeroes)) { 
    w[i] ~ dbin(omega, 1) 
    phi[i] ~ dnorm(alpha, tau.u)I(-5,5) 
 
    mu.eta[i] <- beta + (rho*sigma.v/sigma.u)*(phi[i] - alpha) 
    eta[i] ~ dnorm(mu.eta[i], var.eta)I(-5,5) 
 
    logit(psi[i]) <- phi[i] 
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    logit(theta[i]) <- eta[i] 
 
    mu.psi[i] <- psi[i]*w[i] 
    for (j in 1:J) { 
 Z[i,j] ~ dbin(mu.psi[i], 1) 
 mu.theta[i,j] <- theta[i]*Z[i,j] 
 X[i,j] ~ dbin(mu.theta[i,j], K[i,j]) 
    } 
} 
 
n0 <- sum(w[(n+1):(n+nzeroes)]) 
N <- n + n0 
} 
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Chapter 8 
A systematic conservation plan for South African 
marine unconsolidated shelf sediments 
Abstract 
The expansion of threats such as seabed mining and demersal trawl fishing into deeper 
waters has focused conservation effort on marine unconsolidated sediment ecosystems. 
This chapter aimed to create the first systematic conservation plan for marine 
unconsolidated sediments and identify priority areas for marine protected area 
establishment to represent these important, yet undervalued ecosystems. A systematic 
conservation plan was drafted using the products generated by the studies from this 
thesis; the classification and map of 11 biotopes and the associated biotope-specific 
conservation targets (10-15 %). In addition, a cost map was developed to reflect the 
socio-economic implications of marine protected area establishment across the planning 
area. The cost map indicated that human activity was concentrated along the shelf edge 
and in close proximity to major harbours. A GIS planning framework was developed with 
information on biodiversity patterns (i.e. the biotopes), socio-economic cost (human use) 
and protection status (i.e. inclusion in existing MPAs) included for each of 30 372, 1 nm 
by 1 nm planning units. The conservation planning software Marxan was used to identify 
the best areas for marine protected areas with least socio-economic cost. The resulting 
selection frequency was used to determine seven priority areas encompassing only 3 % of 
the total planning area.  The maximum selection frequency was 66 % reflecting that none 
of the planning units were imperative to meet the targets and approximately 90 % of the 
planning units had selection frequencies below 20 %. This indicated that there were many 
options to achieve targets for most unconsolidated sediment biotopes. Selection 
frequency was related to socio-economic cost, biotope extent and proximity to existing 
MPAs. Habitat types of small spatial extent (such as localized gravel or mud habitats), or 
with threats across the majority of the habitat extent (such as prime trawling grounds), 
play the biggest role in prioritization of MPAs in unconsolidated sediment ecosystems. It is 
recommended that habitat types under greatest threat and with limited extent are 
prioritized for MPA establishment. 
Chapter 8: Systematic conservation plan  
214 
 
Introduction 
Marine unconsolidated sediments constitute the largest benthic ecosystem on earth 
(Snelgrove 1997). They are represented throughout global ocean systems from the 
intertidal to the abyss and contribute largely to global ecosystem services in terms of the 
regulation of processes, the cultural interaction between humans and the ocean, and the 
support of various but particularly in terms of resource provision (Table 8.1; Snelgrove 
1997, Weslawski et al. 2004, Armstrong et al. 2012, Harris 2012),. The resources 
provided include food in the form of fish and invertebrates, raw materials for 
construction, minerals, oil and gas as well as energy in recent years. In addition, these 
ecosystems support food webs and play a significant role in regulating processes 
particularly carbon sequestration, water purification and nutrient cycling. Unconsolidated 
sediment ecosystems therefore have economic and ecological importance, and their 
integrity should be maintained in order to ensure the sustainability of these resources and 
services.  
These sediment ecosystems are considered physically controlled (Gray 1981, Brown and 
McLachlan 1990, Brown et al. 2000, Defeo and McLachlan 2011), and therefore less 
vulnerable to human impacts than biologically controlled systems (Hockey and Branch 
1994). It is thought that marine unconsolidated sediments are more resilient to human 
impacts that do not alter the physical processes responsible for maintaining these 
ecosystems. Recovery periods once impacted would therefore be short compared to 
biologically controlled systems such as coral reefs (Hockey and Branch 1994). Studies 
exploring the vulnerability of marine ecosystems through expert-opinion have purported 
that pollution and habitat destruction, such as coastal development, mining activities and 
trawl fisheries, were most likely to have the greatest impacts on marine unconsolidated 
sediment ecosystems (Halpern et al. 2007, Teck et al. 2010, Sink et al. 2012). Habitat 
destruction and pollution however may require frequent external input for their effects to 
persist; therefore these impacts may be reversible within a relatively short period, 
depending on the extent of the impact (Savage et al. 2001, Pulfrich and Branch in press). 
Because of the perception that unconsolidated ecosystems have greater recovery 
potential than less abundant biologically controlled ecosystems, research to support the 
conservation of these ecosystems lags behind that of their counterparts and has largely 
been neglected in favour of, ecosystems such as coral reefs and hydrothermal vents.  
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Table 8.1: Ecosystem services provided by sandy beach, shelf and deep sea 
sediments, tabulated from (Weslawski et al. 2004, Armstrong et al. 2012, Harris 
2012). Ecosystem service provided by these sediment ecosystems (+), not 
provided by these sediment ecosystems (-), and uncertain for these sediment 
ecosystems (?). 
 Ecosystem Service Sandy 
Beach 
Shelf 
sediment 
Deep sea 
sediment 
P
ro
vi
si
o
n
in
g 
 
Plants as food + - - 
Animals as food (invertebrates and fish) + + + 
Biochemical/medicines/models for human 
research 
+ + + 
Fuels - + + 
Energy (wave and tide) + + ? 
Fiber  + + 
Raw materials for construction (sand and 
aggregate) 
+ + + 
Mining (minerals, oil and gas) + + + 
Waste disposal sites ? + + 
R
e
gu
la
ti
n
g 
Water purification (filtration and purification) + + - 
Detoxification and Waste disposal + + + 
Carbon sequestration + + + 
Gas and Climate regulation + + +? 
Sediment formation (including biodeposition) + + + 
Nutrient cycling + + + 
Biological control: disease, invasive species 
resistance 
+ + ? 
Atmosphere composition + + + 
Flood and erosion control + + - 
Redox processes + + + 
Biological regulation + + + 
C
u
lt
u
ra
l Spiritual and religious + + - 
Cultural + + - 
Inspiration/ Aesthetic + + + 
Recreation + + - 
Scientific understanding and education + + + 
Tourism and ecotourism + + - 
Su
p
p
o
rt
in
g 
Linkages with other ecosystems (connectivity of 
seascapes) 
+ + + 
Resilience + + + 
Chemosynthetic primary production - + + 
Water cycling + + + 
Habitat + + + 
Refugia + + + 
Food web support processes + + + 
Seafloor structure - + + 
Nutrient cycling and productivity + + + 
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Expanding threats of seabed mining (Wedding et al. 2013), trawl fisheries, pollution and 
oil and gas activities (Douvere 2008), together with the effects of climate change have 
the potential to change the very processes responsible for maintaining sediment 
ecosystems (Tittensor et al. 2010). Ocean acidification, sea level rise and shifts in sea 
temperatures (Halpern et al. 2007, Teck et al. 2010) are thought to be the aspects of 
climate change that will most likely induce additional impact on marine unconsolidated 
sediments. Thus it becomes necessary to focus conservation effort on this very important 
ecosystem.  
The selection and establishment of specific areas to conserve a representative portion of 
biodiversity has been a global conservation priority for the last decade (CBD 2010). It is 
an obligation for signatory states of the Convention for Biological Diversity to conserve at 
least 10 % of all habitats as representatives of biodiversity (CBD 2010). Systematic 
conservation planning has increasingly been applied in the marine environment to design 
individual and networks of MPAs (Fernandes et al. 2005, Lombard et al. 2007, Giakoumi 
et al. 2013) and its use has even been demonstrated for dynamic pelagic ecosystems 
(Grantham et al. 2011). Systematic conservation planning, also referred to as systematic 
biodiversity planning,  is a methodical and transparent decision support tool used for 
locating and designing marine protected area networks in order to accomplish 
conservation goals while minimising socio-economic costs to users (Margules and Pressey 
2000, Sarkar and Illoldi-Rangel 2010). A conservation plan requires (i) spatially-explicit 
biodiversity features, such as species distributions and ecological processes or surrogates 
thereof, (ii) quantitative conservation targets, (iii) a map of socio-economic costs of 
securing areas for biodiversity conservation representing areas to be avoided (Carwardine 
et al. 2008), and (iv) the prioritisation of areas for conservation through planning software 
(Margules and Pressey 2000, Pressey et al. 2003, Pressey 2004, Sarkar and Illoldi-Rangel 
2010). 
In South Africa, systematic conservation planning has been adopted as the principle 
method of recommending additions to the current national network of MPAs as part of the 
National Protected Area Expansion Strategy (Lombard et al. 2007, Government of South 
Africa 2010, Grantham et al. 2011, Sink et al. 2011). The 2011 National Biodiversity 
Assessment indicated that South Africa has 23 MPAs (Driver et al. 2012). The majority of 
these MPAs are coastal extending to only three nautical miles offshore in most cases. 
Offshore ecosystems are particularly poorly protected in South Africa (< 1%; Driver et al. 
2012). The expansion of the MPA network is a national priority (Government of South 
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Africa 2010) and South Africa’s emerging Oceans Policy is advancing the legal framework 
for integrated management and protection of the marine environment, which may 
streamline the proclamation process (Green Paper on the National Environmental 
Management of the Ocean 2012).  
The highly productive west coast of South Africa supports large-scale commercial fisheries 
including the demersal trawl fishery which is focused on the outer shelf, shelf edge and 
slope between 300 m and 800 m depths (Sink et al. 2012). In addition, marine diamond 
mining occurs along the northern coast and inner and middle shelf  and the entire 
offshore area has been placed under petroleum exploration licences, although most areas 
are not actively exploited yet (Sink et al. 2012). Emerging new types of mining include 
phosphate, ilmenite and marine gold mining. The increasing demand for marine resources 
and the increase in seabed mining applications are major threats to these ecosystems. On 
the other hand the protection status of the west coast is very low. Only two MPAs have 
been established both extending to depths shallower than 30 m, and constituting less 
than 1 % of the total continental shelf area (Sink et al. 2012). This low level of offshore 
protection on the west coast was previously raised as a concern for priority conservation 
action (Lombard et al. 2004), but an attempt to proclaim a MPA that incorporated the 
intertidal, inner shelf, outer shelf and shelf edge was unsuccessful due to substantial 
industry interests and questions regarding the scientific rationale for the proposed area 
that was suggested by experts (Sink 2007). Thus the west coast remains a priority area 
for improved protection (Sink et al. 2012) and a transparent approach using systematic 
planning was used to identify priority areas for protection with least costs to industry.  
The aim of this chapter was thus to determine priority areas for the implementation of 
MPAs for representation of unconsolidated sediment ecosystems. The analysis utilizes the 
best available information for these ecosystems in the form of the biotope map produced 
in Chapter 5 and the quantitative conservation targets derived in Chapter 7 in the first 
ecosystem-based systematic conservation plan for subtidal unconsolidated sediments. 
The outputs will support other broader marine spatial planning and offshore MPA 
initiatives that involve a broader stakeholder component and also consider other 
ecosystem types.  
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Methods 
The Marxan (Ball et al. 2009) conservation planning software was used to identify priority 
areas that achieve conservation targets for unconsolidated sediment biotopes on the 
South African west coast, while minimizing costs to users. Due to the narrow width of the 
beach and inner shelf biotopes, a small planning unit size was chosen. i.e. 1 nautical mile 
(nm) x 1 nm (3.4 km2). The planning unit grid was created in the QMarxan package in 
QGIS.  
The biotope map (developed in Chapter 5) provided the best spatial representation of the 
biodiversity patterns for marine unconsolidated sediments on the South African west 
coast (Chapter 5). Eleven biotopes were mapped based on depth, sediment type and 
proximity to the Orange River (Fig. 8.1). For each planning unit, the area of each habitat 
represented was calculated. Biotope-specific targets were set based on those derived in 
Chapter 7 for five of the biotopes (10-15 %) and the inferred 10 % conservation target 
was used for the remaining biotopes (Table 8.2).  
 
Table 8.2: The conservation targets for all unconsolidated sediment biotopes on 
the South African west coast continental shelf. Targets were derived from all 
biotopes that could be sampled and a 10% target was applied for all other 
biotopes. The* indicates where a fixed target was used. 
Biotope Extent (km2) Target (%) 
Sandy coasts (all) 208 13 
Muddy Inner Shelf 286 10* 
Sandy Inner Shelf 1889 10* 
Muddy River-influenced Middle Shelf 1604 10* 
Muddy Organically-enriched Middle Shelf 9,469 10 
Sandy Middle Shelf 6,206 10 
Muddy Outer Shelf 6056 10* 
Sandy Outer Shelf 56,400 10 
Gravel Outer Shelf 433 10* 
Muddy Shelf Edge 569 15 
Sandy Shelf Edge 13,294 15 
Gravel Shelf Edge 30 10* 
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Figure 8.1: The biotope map for the unconsolidated sediments of the South 
African west coast. White spaces indicate rocky habitats, or islands.  
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A cost map was developed to reflect socio-economic activities and enable avoidance of 
areas of high cost and associated impact. This map (Fig. 8.3) was based on threat data 
layers compiled for the Offshore Marine Protected Areas Project (Sink et al. 2011) and the 
National Biodiversity Assessment (Sink et al. 2012). The cost map summarised the cost of 
inclusion of additional areas into the protected area network based on these threats. It 
incorporated 20 threats including 14 different fisheries sectors, diamond and other 
mining, petroleum activities, shipping, waste water discharge, coastal development and 
coastal disturbance (Table 8.3). Descriptions of the threat data that were included are 
provided in Table 8.3 (examples of threat distributions in Appendix 8.1).  
The cost map was developed at a coarser scale (5 nm x 5nm) than the planning unit grid 
due to the inconsistent scale of the available component threat layers (Sink et al. 2011, 
Sink et al. 2012). It therefore represents a compromise between the fine-scale coastal 
threat data (e.g. coastal development) and the coarse-scale offshore fishing data (e.g. 
offshore demersal trawl data). The cost values for each threat were transformed in order 
to standardise cost to a range of 0-1 using the formula t=d/d80 where t is threat, d is the 
raw threat data according to the scale of the threat and d80 is the 80th percentile of the 
threat values. The 80th percentile was used for two reasons; (i) a few large outlying 
values were recorded for various threats that had the potential to mask the impact of 
moderate values which may be of interest for priority area selection and (ii) cost values 
above the 80th percentile are considered equivalent to the maximum cost since the impact 
of the threats or costs of selecting such an area are similar. In addition, threats that were 
included either as present or absent were scaled as 1 or 0 respectively. The 
transformation of the threat data to a scale of zero to one ensured that threats were 
equally weighted in the cumulative cost map. This was done to ensure that all users were 
equally avoided. 
 
The total cost for each planning unit was calculated as follows: 
Total cost = Area + Costper* Area*1000 
Where Area is the area of the planning unit in hectares, and Costper is the (equal) 
weighted sum of the individual threat layers (listed in Table 8.2) per planning unit. 
Due to the difference in scale between the cost map and the planning unit layer, these 
layers did not overlap perfectly. Therefore a point cost value was derived from the cost 
map for each of the planning units for incorporation in the Marxan analysis. 
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Table 8.3: Overview of threats and the associated data (derived from Sink et al. 
2011, Sink et al. 2012) used to reflect anthropogenic threats in the cost layer for 
the systematic conservation plan for the unconsolidated sediments of the South 
African west coast. Data were either scaled to reflect intensity (*=scaled using 
the d/d80 method, 0-1) for each 5 minute grid or noted as present/absent. 
Resource use data were provided by the Fisheries Branch of the Department of 
Agriculture, Forestry and Fisheries.  
Threats Description of data 
Coastal 
development 
Extent of coastal development based on the percentage area for each planning unit within 1 km of the coast 
that contained residential, commercial and industrial development as derived from the Erf layers from the 
Surveyor General, the National Land Cover Map 2000 and Google Earth satellite imagery (Sink et al. 2012).  
Coastal 
Disturbance 
The extent of coastal disturbance was measured as the percentage of accessible coast within 5' grid cells. The 
accessible coast was consisted of all recreational beaches (Department of Environmental Affairs project 
“National Re-evaluation of the Beach Driving Decision Support Tool”) and intertidal areas within a 1 km 
radius of vehicle-based access points  (Harris et al. 2011).  
Demersal 
longline* 
Intensity of demersal long-lining effort based on total number of hooks per grid block summed for the years 
2000-2008 (Sink et al. 2011). 
Kelp 
harvesting* 
Intensity of kelp harvesting based on the sum of the total annual kelp harvest in tonnes for 2000-2009  per 
km of coast length for each concession area. These values were assigned to the appropriate 5' grid cell.  Data 
were scaled using the d/d80 method. 
Large pelagic 
fishery* 
Intensity of pelagic longlining effort based on the total number of hooks per grid block summed for the years 
1997- 2008 (Sink et al. 2011). 
Commercial 
linefishing* 
Total commercial linefish effort is the total number of boat days per grid block summed over 2003-2007 
based on catch returns since medium term rights were implemented (Sink et al. 2011).  
Mariculture 
Grid cells containing mariculture as obtained from the South African Government Department of Agriculture 
Forestry and Fisheries. This is presence/absence data. 
Mining (see 
also petroleum 
activities)* 
Mined areas derived from (Penney et al. 2007) and updated to included coastal mined areas from the 
National Land Cover 2000 map. This is presence/absence data. 
Offshore 
demersal 
trawl* 
Demersal trawl effort based on the number of hours of trawling per grid block averaged over the years 2000-
2008 (Sink et al. 2011). 
Petroleum 
activities* 
Presence of wellheads based on published positions including a buffer area as an indication of its footprint of 
impact (South African Navy Hydrographic Office 2010) 
Recreational 
boat fishing* 
Fishing effort was modelled as the inverse of the Euclidean distance to boat launch sites. The assumption was 
that effort decreased with distance from the boat launch.  
Recreational 
shore fishing* 
Angling intensity based on total angler days (1994-1996) per kilometre of coast derived from Brouwer et al. 
(1997) and Mann et al. (2003), assigned to the 5' grid cells.. 
Shark fisheries* 
Intensity of shark directed long-lining effort based on total number of hooks per grid block summed for the 
years 2003- 2008 (Sink et al. 2010).  
Shipping Density of shipping tracks per grid derived from a global dataset (Halpern et al. 2008, Sink et al. 2012). 
Small pelagic* Total catch per grid block summed for the period from 1987 to 2008.  
Squid fishery* Intensity of squid fishing effort based on the total number of boat days summed for the period 1986-2007.  
Subsistence 
harvesting* 
Intensity of subsistence harvesting based on the number of fishers per kilometre derived from Clark et al. 
2002 (Sink et al. 2012). 
Tuna pole 
fishery 
Important areas for albacore and yellowfin tuna based on maps produced by Sink et al. (2012).  
Waste water 
discharge 
Municipal and industrial waste water discharge sites provided by the Department of Water Affairs (Sink et al. 
2012). Data are presence/absence. 
West coast rock 
lobster fishery 
Intensity of fishing effort based on total number of traps per grid block summed for the years 2000- 2007 
(Sink et al. 2011). 
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The protection status of the west coast marine unconsolidated habitats includes 
protection provided by two MPAs namely Sixteen Mile Beach and Table Mountain National 
Park (Fig. 8.2). These MPAs are relatively small with the largest being Table Mountain 
National Park MPA zoned for various uses including no-take areas. The planning units of 
the planning framework were populated with data on the biotopes (as biodiversity 
features), protection status (i.e. whether the planning unit is in an existing MPA), and 
cost associated with the selection of each planning unit.  
 
Figure 8.2: Existing marine protected areas on the South African west coast. 
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The Boundary Length Modifier (BLM) adjusts the level of spatial compactness of solutions 
(e.g. several small or single large reserves) by placing more or less emphasis on the 
summed boundary length.  Higher BLM values force greater clumping of selected areas 
despite cost, while lower BLM values reduce the level of clumping resulting in areas being 
widely spread to obtain a solution with the lowest socio-economic cost (Game and 
Grantham 2008). A BLM value of 10 000 was selected through a calibration analysis in 
Zonae Cogito (Segan et al. 2011). This BLM value represented the best trade-off between 
cost and clumping providing the most spatially-efficient solution.  
Marxan uses an optimization algorithm with simulated annealing to identify a range of 
possible solutions, some better than others (Possingham et al. 2000). The algorithm thus 
has a randomization component which results in a different solution for each run, and 
over time optimizes the selection. Marxan was run 100 times, allowing 1 000 000 
iterations (options of inclusion or exclusion) per run. The selection frequency – which 
indicates the percentage selection of each planning unit in the Marxan solutions– was 
mapped to determine priority areas for the representation of unconsolidated sediment 
ecosystems in marine protected areas. Marxan produces two different outputs, namely 
the selection frequency map and the optimum solution map. The selection frequency map 
represents the percentage of times that each planning unit was selected for protection, 
whereas the optimum solution is the best single option that meets all targets. The 
selected priority areas were defined as areas with selection frequencies above 30 % and 
consisting of four or more contiguous planning units. Planning units already in existing 
MPAs were automatically included (at 100 %).  
Results 
The planning domain developed for the west coast consisted of 11 biotopes as 
biodiversity features and a cost layer with 20 threats represented. The cost layer (Fig. 
8.3) indicated that the highest costs exist along the coast and the shelf edge due to the 
concentration of multiple threats in these areas (Sink et al. 2012). In addition, the shelf 
between Cape Columbine and Cape Point had inflated cost due to the presence of and 
proximity to two major harbours, namely Table Bay and Saldanha Bay (Fig. 8.3).  
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Figure 8.3: The composite cost layer produced from 20 individual threats. Dark 
red=high cost and yellow=low cost. 
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The selection frequency map (Fig. 8.4) indicated that no planning unit was selected with a 
frequency greater than 66 % reflecting that none of the planning units were irreplaceable 
(i.e. required in order to meet the conservation target). Only 1 % of planning units had a 
selection frequency above 50% and only 3 % of planning units were above 30 %. Most 
planning units, approximately 90 %, had selection frequencies of less than 20 %. 
Selection frequencies were particularly low on the shelf between Cape Columbine and 
Cape Point and in the inner shelf. 
 
Figure 8.4: Selection frequency solution map for the west coast of South Africa, 
protected areas. The purple areas are existing marine protected areas.   
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Figure 8.5: Map identifying the optimum solution for areas to the conserved 
along the west coast of South Africa, constituting 9.2 % of the west coast shelf. 
The areas outlined in red are existing marine protected areas.   
The optimum solution, meeting all of the biodiversity targets (Table 8.2) for the west 
coast represented 11.0 % of the shelf (Fig. 8.5). Most of the targets were met in the area 
north of Cape Columbine with low selection frequencies in most of the area between Cape 
Columbine and Cape Point (Fig. 8.4).  
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Figure 8.6: Seven priority areas identified from the selection frequency map 
indicating areas of greater than 30 % selection frequency including more than 
three planning units. The areas outlined in red are existing marine protected 
areas.   
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Table 8.4: Overview of priority areas, the biotopes represented in each and the 
factors responsible for priority area selection.  
Priority Area Area (km
2
) Biotope Factors Driving Selection 
1 1606 Sandy Shelf Edge Low socio-economic cost 
2 354 Sandy shelf Edge Low socio-economic cost 
3 25 Muddy Shelf Edge Limited biotope extent 
4 71 Muddy Outer Shelf, Sandy Outer Shelf and 
Muddy Organically-enriched Middle Shelf 
Limited biotope extent and 
spatial compactness  – 
intersection of 3 biotopes 
5 14 Muddy Inner Shelf Limited biotope extent 
6 17 Sandy Middle Shelf Proximity to existing MPA 
7 24 Sandy Middle and Outer Shelves Proximity to existing MPA 
 
Seven biodiversity priority areas were identified ranging between 14 km2 and 1606 km2 
(Fig. 8.6 and Table 8.4). Two of these priority areas were from the Sandy Shelf Edge (1-
2), one each for the Muddy Shelf Edge (3), Muddy Outer Shelf (4) and Muddy Inner Shelf 
(5), one for the Sandy Middle Shelf (6) and one that incorporates areas of both the Sandy 
Middle and Outer Shelves (7). No biodiversity priority areas were identified for the 
remaining Middle and Inner Shelf biotopes (i.e. selection frequency mostly less than 
30 %).  
Discussion 
The expansion of threats into deeper waters has raised concerns about the management 
of benthic ecosystems where knowledge to support decision making lags behind that for 
shallower ecosystems (Douvere 2008, Wedding et al. 2013). Since marine unconsolidated 
sediments constitute the majority of these ecosystems, it is necessary to investigate 
conservation options for these important ecosystems. Seven priority areas for 
representation of biodiversity patterns of unconsolidated sediments were identified in the 
current study. Their selection was based on socio-economic cost, habitat extent and 
proximity to existing MPAs (Table 8.4). 
Socio-economic cost is a major driver of selection frequency (Carwardine et al. 2008, Ban 
et al. 2009, Ban and Klein 2009). The selection frequency map (Fig. 8.2) appeared to be 
the inverse of the cost map (Fig. 8.3) avoiding areas of high socio-economic cost except 
where biotopes are spatially limited (e.g. mud and gravel biotopes) and spreading 
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selection across low cost areas.  The Sandy Shelf Edge had two separate priority areas (1 
and 2) that consisted of planning units of lowest socio-economic cost and in turn lowest 
threat to ecosystems (Fig. 8.2 and Table 8.2). The concentration of large-scale 
commercial demersal trawl and long-line fisheries on the shelf edge (Sink et al. 2012, 
Field et al. 2013) has led to a large proportion of the Sandy Shelf Edge having 
exceptionally high cost (Fig. 8.2), leaving very few low socio-economic cost options for 
inclusion in marine protected areas. Thus, these low cost areas were frequently selected 
to meet conservation targets. It is recommended that these two areas are considered for 
offshore MPA establishment to represent this habitat type that supports South Africa’s 
most important fishery which targets hake.  
In order to establish no-take MPAs all users were equally avoided in order to ensure 
selection of areas with better general ecosystem condition. Areas of low cost or threat are 
likely to be in better condition than areas of high cost or threat, therefore costs to both 
benthic and pelagic users were included in the cost layer. However, the cost layer could 
be adapted to provide for other forms of management for example user-specific zones 
(such as a trawl exclusion zone) or benthic protection zones which would only need to 
account for the socio-economic interests of users that have a direct impact on the 
seafloor. 
The impacts of various anthropogenic threats on unconsolidated sediments, for example 
mining or trawling, are not fully understood for two main reasons: (i) baseline studies 
were not undertaken before the commencement of these activities; or (ii) the ecology of 
the ecosystem affected is not known, therefore the ecological context is missing. 
However, improved understanding of the impacts of these activities will enhance the 
assessment of ecosystem condition. In South Africa, a collaboration between scientists, 
NGOs and the trawl industry have led to the development of a trawl-closure study for the 
west coast (Field et al. 2013), which will commence in February 2014. Since no baseline 
data exists from before the commencement of trawling in the 1890s, the recovery of the 
closed site will be monitored by a team of researchers in an effort to fully comprehend the 
impacts of trawling on the shelf ecosystems. Where baseline studies do exist – for 
example for the De Beers Marine Ltd Mining License Area – the current study provides the 
ecological context for areas that are mined in the Sandy Beach, Sandy Inner Shelf and 
Muddy River-influenced Middle Shelf biotopes by describing and spatially representing the 
targeted biotopes. It is recommended that baseline study opportunities should be 
provided on the west coast in the form of before-after, control-impact studies for new 
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impacts and closure-recovery studies for existing threats. Also, if or when spatial 
management is implemented, recovery should be monitored. 
Habitats of limited extent (or special features) are often drivers of selection frequency 
and thus priority areas. The muddy sediment biotopes on the west coast shelf, including 
the Muddy Shelf Edge, Muddy Outer Shelf and Muddy Inner Shelf (Fig. 8.1), emerged as 
priority areas (3, 4 and 5 respectively in Fig. 8.5) because their small spatial extent 
provided few options for meeting conservation targets. Thus priority areas were selected 
despite the high cost to users, which was evident over the entire extent of the Muddy 
Shelf Edge (570 km2) affected by demersal trawl and long-line fisheries. Priority areas 
were not identified for the Gravel Outer Shelf and Shelf Edge biotopes, even though these 
habitat types are also of limited extent, most likely because the 10 % target could be 
easily met by the selection of only one or two planning units. There were single planning 
units with higher selection frequency in these areas but these isolated units did not meet 
the criteria used to select priority areas (i.e. a minimum of four adjacent units exceeding 
30 % selection frequency). 
Many of the biotopes with limited extents have never been sampled in South Africa. The 
limited options for conserving these habitats raises the importance of adequate data to 
verify, describe and map these habitats. Since priority areas form the basis for 
recommendations for MPAs, it is important that these areas are based on the most 
accurate habitat data and map. Thus sampling of these limited extent biotopes, e.g. the 
Muddy Inner and Outer Shelves, and Gravel Outer Shelf and Gravel Shelf Edge, should be 
considered a priority in future targeted macro-infaunal surveys to support verification of 
biodiversity patterns, improve the current biotope map and provide the first information 
on characteristic species, potential vulnerability to impact and recovery potential (e.g. 
Atkinson et al. 2011).  
Spatial compactness is an important consideration when establishing marine protected 
areas especially because the number, size, shape and distribution of MPAs has important 
implications for their implementation and management. Thus, for this analysis, the 
Boundary Length Modifier was set to identify relatively, spatially compact solutions (Game 
and Grantham 2008). There were many options for the protection of Sandy Middle and 
Outer Shelves due to the vast area and relatively low cost of these biotopes, so the 
Marxan algorithm frequently selected planning units adjacent to existing MPAs in an effort 
to maximize spatial compactness of priority areas (6 and 7, Fig. 8.5). The expansion of 
existing MPAs is an efficient way to encompass deeper biotopes.   
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The optimal solution in Marxan indicates only a single configuration of priority areas of 
potentially many, therefore its value is in demonstrating how all the targets can be met in 
a single solution rather than dictating which areas should be considered priority 
(Grantham et al. 2013). This solution showed that all targets were met through the 
selection of 11.0 % of the area, the minimum area for meeting all targets. The individual 
solutions provided by Marxan show different iterations to meet targets but these decision 
support tool outputs are not appropriate for implementation. These outputs must be 
constrained into an implementation framework that account for more practical 
considerations in terms of implementation and management (Grantham et al. 2013). 
Such considerations include sensible and enforceable boundaries.  
This study is the first ecosystem-based systematic conservation plan for marine 
unconsolidated shelf sediments in South Africa and will inform existing planning 
initiatives. South Africa initiated planning for a network of offshore spatial management 
areas including MPAs in 2006 and this initiative included a stakeholder process involving 
many sectors and a systematic conservation plan that covered all habitat types and 
biodiversity features (Sink et al. 2011). The analysis for unconsolidated sediments in the 
current study focuses only on these ecosystems and was undertaken without stakeholder 
involvement which is required  for the successful implementation of protected areas 
(Margules and Pressey 2000, Sarkar and Illoldi-Rangel 2010). Systematic planning should 
generally include stakeholders from the initial planning phases to the implementation 
phase to support the uptake of recommendations by government and users (Douvere 
2008, Ban et al. 2013, Grantham et al. 2013). This plan is meant to support broader 
planning and spatial management processes that are ongoing in South Africa and 
strengthen the scientific rationale for the protection of these ecosystems. 
Emerging challenges  in systematic planning include the incorporation of ecosystem 
services and ecological processes and planning for resilience to climate change (Alvarez-
Romero et al. 2013). Unconsolidated sediments provide a number of ecosystem services 
particularly in the provision of food and minerals (see Table 8.1) therefore the inclusion of 
ecosystem services should be considered in future planning initiatives. Many of these 
ecosystem services particularly the provisioning services can be mapped and could be 
included in a Marxan analysis as a targeted feature, for example a target may be set for 
fishing grounds (Ban and Alder 2009). Ecological processes are mainly included in other 
plans as maps  of species aggregations such as nesting or breeding sites (Alvarez-Romero 
et al. 2013),  however for the unconsolidated sediment, physical processes responsible 
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for the maintenance of ecosystems should also be considered. For example riverine input 
is an important ecological process ensuring the maintenance of marine unconsolidated 
sediment habitats, given that a large proportion of the shelf is covered by terrigenous 
sediment mainly deposited by rivers (Rogers and Bremner 1991, Rogers and Rau 2006). 
Therefore the reduction of river outflow may be regarded as a threat to the integrity of 
unconsolidated sediment ecosystems. It is therefore recommended that areas of riverine 
influence require a unique target for maintenance of this process. To some extent this 
was achieved in the current study through the distinction of the Muddy River-influenced 
Muddy Shelf biotope for which a target was set. In order to plan for resilience to climate 
change, potential refugia for species and habitats could be identified and targeted for 
protection (Alvarez-Romero et al. 2013). The development of a representative MPA 
network designed to maintain healthy resilient ecosystems and ecological connectivity is a 
strategy that has been applied in the context of mitigating for climate change impacts 
(Green et al. 2009, McLeod et al. 2009, Sink et al. 2012). These MPA networks would 
provide benchmarks that can provide for monitoring of change in an effort to detect, 
understand and cope with climate change (Sink et al. 2012). 
Adaptive planning is imperative in order to consistently make use of the best available 
data, deal with changing threats and ongoing changes in  biodiversity, and take 
advantage of new management opportunities (Grantham et al. 2010). Critical aspects of 
adaptive planning are the consistent use of the best available biodiversity data to map 
biodiversity surrogates and the setting of explicit quantitative targets for inclusion in 
systematic plans. A biodiversity surrogate map in the form of biotopes was produced and 
quantitative targets were derived for the unconsolidated sediment of the South African 
west coast in this thesis (see Chapters 5 and 7 respectively), both of which are necessary 
for the transparency and revision of planning decisions (Alvarez-Romero et al. 2013). In 
South Africa, these biological, socio-economic and threat data are updated every five to 
seven years in a National Biodiversity Assessment as more information becomes available 
from both the scientific community and industry (Lombard et al. 2004, Harris 2012, Sink 
et al. 2012). The results of the current study will be incorporated into the next National 
Biodiversity Assessment. Currently, South African national planning initiatives are 
considered to exemplify how national and regional-scale plans should be documented, 
updated and implemented in a multi-scale planning framework (Alvarez-Romero et al. 
2013). 
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The expansion of management objectives beyond conservation goals reflects a 
broadening of systematic conservation planning towards marine spatial planning (Douvere 
2008, Foley et al. 2010). Marine spatial planning aims to organise the use of marine 
space and interactions between users, and balance development with conservation to 
achieve ecological, social and economic objectives (Douvere 2008, Foley et al. 2010). 
Spatial management areas, the result of marine spatial planning, are designated for 
exclusive or overlapping use (Ban et al. 2013), or for protection (e.g. marine protected 
areas). This shift is evident in the use of modified conservation planning methods for 
zoning of management areas for fisheries or other uses (Ban and Alder 2008, Grantham 
et al. 2013). Systematic conservation plans, such as the current study, can therefore feed 
into marine spatial plans designating the conservation priority areas (Ban et al. 2013). 
Marine spatial planning has been suggested as an operational tool for the implementation 
of ecosystem-based management (Douvere 2008) since both are place-based. 
Ecosystem-based management seeks to achieve sustainable use of ecosystem goods and 
services in an equitable way while maintaining the integrity of the ecosystems (Douvere 
2008, CBD 2010). This is a unique form of management because it refers to the 
management of places rather than specific species, sectors or activities (Crowder et al. 
2006). This is considered the most integrated method of management and this broad 
concept can encompass both marine spatial planning and systematic conservation 
planning outputs. In South Africa, it is recognised that resource extraction from the ocean 
contributes significantly to employment in South Africa, therefore a balance between 
conservation and development is pertinent to the integrated management of the ocean 
and the sustainability of the economy.  This has catalysed a shift in marine policy towards 
ecosystem-based management and marine spatial planning (Douvere 2008)  
The products of this focused conservation plan are useful for the expansion of South 
Africa’s MPA network, but also have broader application for various other management 
interventions. These interventions may include eco-certification of fishing or the 
establishment of reference areas for mining. A requirement of eco-certification may be 
the establishment of fishing closure areas to monitor recovery. Also mining sectors are 
moving towards the establishment of reference areas as controls for monitoring the 
impact of new types of seabed mining. This type of ecosystem-based systematic 
conservation plan would inform the selection of such areas. 
In conclusion, unconsolidated sediment biotopes of large extent and with many low cost 
options for protection do not drive the selection of priority areas for marine protected 
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area establishment. However, biotopes of limited extent and those with few low cost 
options drive the selection of marine protected areas, and implementation of protection 
measures for such limited option habitat types should be prioritized. In broader 
systematic conservation planning exercises that consider all ecosystem types, the best 
areas for protection of unconsolidated sediment ecosystems may be overshadowed by the 
selection of other more localized, diverse or threatened ecosystems. This type of focused 
plan helps to overcome this challenge and provides prioritization outputs for all 
unconsolidated sediment ecosystem types. These results will inform other more complex 
systematic conservation plans and zoning for ecosystem-based management. 
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Appendix 8.1: Examples of the distribution of threats on the west 
coast 
The maps in Fig. 8.7 indicate the distribution of four threats to the marine unconsolidated 
sediment ecosystems. The offshore trawl and hake longlining industries concentrate effort 
along the shelf edge of the west and south coasts of South Africa. The mining industries 
on the other hand have focused their activities on the continental shelf. The cumulative 
impact of these and other threats therefore affect the entire shelf and continental margin. 
 
Figure: 8.7: The distribution and intensity of offshore trawl, hake longlining, and 
diamond and titanium mining, as well as the distribution of oil and gas wells 
within the South African Exclusive Economic Zone.  
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Chapter 9: Synthesis 
Marine unconsolidated sediment may be described by the premise, “the deeper we go, the 
less we know” (K. Sink, SANBI pers. comm.), particularly in South Africa (Griffiths et al. 
2010). Beaches are the shallowest marine unconsolidated sediment ecosystems and are 
relatively well studied with a strongly supported conceptual model based on beach 
morphodynamic types (McLachlan et al. 1993, Defeo and McLachlan 2005, 2011). Recently 
a similar conceptual model, the Wave Exclusion Hypothesis was proposed for the shallow 
subtidal, i.e. the wave turbulent zone (Paavo et al. 2011). Research on the shelf and in the 
deep-sea is still focussed on developing hypotheses to explain observed biodiversity 
patterns by identifying driving processes (Gray 2001, Gage 2004, Post et al. 2006, Jayaraj 
et al. 2008, Joydas and Damodaran 2009, Ingole et al. 2010, de Juan et al. 2013) and thus 
lags behind its shallow water counterparts. Beach, nearshore and shelf ecosystems are 
therefore often studied as discrete units even though they are linked through water and 
sediment movement. The expansion of human activities into deeper water has brought with 
it a challenge for benthic ecologists who are expected to provide management 
recommendations for ecosystems that are not well understood.  
In response, the approach of this thesis was to sample across the entire continental shelf 
from the intertidal to the shelf edge treating unconsolidated sediment ecosystems as a 
continuum rather than discrete ecological units. This led to an integrated conceptual 
framework for the classification of these habitats based on macro-infaunal communities and 
driving bio- and geophysical processes (Chapters 3-5). It advanced the foundational 
biodiversity knowledge for the South African west coast, particularly in the deeper shelf 
waters (Chapters 4 and 6). Thus, it improves ecological predictability and provides the 
baseline variation in biodiversity against which to measure the impacts of human activities 
in existing or new human impact studies (Penney et al. 2007, Steffani 2007, Atkinson et al. 
2011). This thesis also utilised the newly acquired biodiversity knowledge to demonstrate its 
practical use in ecosystem-based management and systematic conservation planning.  
Physical and biodiversity patterns, and associated driving processes underpin habitat 
classifications (Greene et al. 1999, Roff and Taylor 2000, Valentine et al. 2005, 
Schumchenia and King 2010). Depth, sediment type and productivity were identified as 
responsible for the distinction of seascapes (Chapter 3). Sediment type and depth are 
related to water movement (Rogers and Bremner 1991, Rogers and Rau 2006), which is 
therefore most likely responsible for major distinctions between seascapes. At the finer 
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scale or lowest level of the seascape classification, productivity should be included to 
represent seascapes in upwelling regions (Whiteway et al. 2007, Heap et al. 2010). 
Although most existing seascapes are mapped in Geographical Information Systems, this 
study used point data to determine seascapes for the sampled sites as an initial step since 
the key processes of relevance to the biota have not yet been explored on the South African 
west coast. However, as more data become available biologically relevant ranges in physical 
variables may be translated into further rules of classification.  
Macro-infaunal communities (Chapter 4) suggested greater differentiations with depth zones 
across the shelf than was identified in the seascape analysis. These depth zones coincided 
with various, physically-distinct zones related to bentho-pelagic coupling and shelf edge 
processes. Benthic-pelagic coupling decreased across the shelf and was strongest in the 
intertidal and inner shelf where complete mixing of surface and benthic processes occurs 
(Huthnance 1995, Estrade et al. 2008). In the middle shelf these processes are separated, 
but surface processes still influence the benthic habitats through increased food availability 
from sinking plankton (Sanders 1968, Grassle and Maciolek 1992, Jarre et al. in prep). 
Deeper benthic zones are not strongly influenced by surface processes, however the shelf 
break is affected by unique processes such as (shelf break) upwelling and internal tides 
which distinguishes it from the outer shelf. A conceptual framework for physical processes 
driving biodiversity patterns on the South African west coast was proposed, which integrates 
oceanographic, geological and biophysical processes with benthic community distributions. 
This framework led to the production of the first biotope classification for unconsolidated 
sediments on the South African west coast. This classification may be improved by including 
additional sites particularly in areas where macro-infaunal community patterns were not 
clear (e.g. the inner shelf or the shelf edge), and ensuring that deeper mud and gravel 
sediments are sampled.   
The seascape and biotope classifications in this thesis utilised multivariate analyses to 
determine habitats, from which the hierarchy of the classification was derived (Table 1.1 in 
Chapter 1; Roff and Taylor 2000, Connor et al. 2004, Davies et al. 2004, Verfaillie et al. 
2009). Sediment type was included at a higher level in the seascape classification hierarchy 
than depth (Chapter 3), but the order was reversed in the biotope classification (Chapter 4). 
In most existing classifications depth is the first order distinguishing variable followed by 
sediment type (Table 1.1). The discrepancy in the seascape classification may be a result of 
greater variability and clearer distinctions between sediment types than depth zones based 
on physical data. It may also, however, suggest that depth-related processes operate at 
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different scales within the seascape classification hierarchy. Few habitat classifications 
referred to benthic-pelagic coupling or mixing as distinguishing categories (Roff et al. 2003, 
Sink et al. 2012), however these were determined to be significant in the biotope 
classification. 
Two habitat classification schemes, based on different classification principles, namely the 
data-derived seascape classification and the existing expert-derived South African National 
Marine and Coastal Habitat Classification were tested for their effectiveness in reflecting 
macro-infaunal diversity. In previous studies this was done through explorative multivariate 
analyses and the ANOSIM statistical technique (PRIMER package) to determine the validity 
of the classification (Przeslawski et al. 2011). However, in comparing these different habitat 
classifications, both based on ecologically sound principles, the existing statistical 
methodology was not able to distinguish between habitat classifications. The application of 
the Canonical Analysis of Principle coordinates (CAP), a means of constrained multivariate 
sample classification given that the defined groups exist, produced a measure of allocation 
success of samples to each habitat classification which enabled the comparison between 
them. It should be noted that the CAP analysis was not designed for comparative analysis 
so the sensitivity of the analysis to different numbers of habitats should be further 
investigated. The results suggested that the expert-derived habitat classification slightly 
better reflected the macro-infaunal diversity on the South African west coast most likely due 
to the incorporation of processes representing benthic-pelagic coupling such as the hypoxic 
zone, by experts and the limited physical variable data available for use in the seascape 
classification. However the biotope classification better represented the macro-infaunal 
community diversity. The biotope classification distils the driving processes responsible for 
macro-infaunal community distribution; thus it revealed the biologically-relevant ranges of 
bio- and geo-physical variables. These variable ranges were used together with the biotope 
classification to develop the biotope map for the west coast for use in later chapters.  
Depth was emphasized as a strong biodiversity correlate in the seascapes, biotopes and 
South African National Habitat Classification. This led to the investigation of a unifying 
theory to describe the relationship between depth and macro-infaunal diversity (Chapter 6). 
The relationship between depth and macro-infaunal diversity was investigated by 
generalized linear regression on species density data. However, it was suspected that 
species density may be influenced by the efficiency of the sampling gear which is assumed 
to decrease with greater depth due to the deeper water column that the gear had to pass 
through. Therefore a second analysis was performed, in which species richness was 
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extrapolated with the capture-recapture heterogeneity model (Kéry and Schaub 2012) to 
determine the estimated total number of species per site. The model took into account 
variations in the detectability of species, a novel statistical approach in benthic ecology. The 
inclusion of this model aided in the determination of the positively linear relationship 
between depth and macro-infaunal diversity on the South African west coast shelf. The 
establishment of this relationship improves understanding of the general functioning of the 
shelf through a very simple relationship which can easily be communicated to decision-
makers and users. This has major implications for management on the South African west 
coast because many activities operate or are expanding into  the most diverse shelf edge 
habitats (Sink et al. 2012).  
Systematic conservation planning includes three key elements; a map of biodiversity 
pattern, conservation targets and threats or costs (Margules and Pressey 2000, Sarkar and 
Illoldi-Rangel 2010). This thesis produced the first element, a biotope map for the western 
shelf of South Africa (Chapter 5). The second element is the calculation of conservation 
targets for each biodiversity feature, in this case macro-infaunal biotopes (Chapter 7). 
Conservation targets were calculated using a modification of the species-area relationship 
method following Desmet and Cowling (2004). The modified method substituted an 
innovative species richness estimator which accounts for the variable detection of species, 
the Multi-species Site Occupancy Model (MSOM, Dorazio et al. 2006), for the more 
commonly used extrapolative Bootstrap species richness estimator. The MSOM takes into 
consideration the patterns in presence and absence of species at multiple sites to calculate 
the number of species that were likely missed during the sampling process. The MSOM 
estimator resulted in a posterior distribution of species richness estimates from which a 
random sample was taken to calculate the uncertainty around the median conservation 
target. The median targets increased with depth from 7 % (beach and middle shelf) to 12 % 
(shelf edge) with depth following the relationship between species richness and depth on 
the west coast (Chapter 6). The upper limit of the 95 % credible interval for conservation 
targets (10-15 %) were determined to best encompass the true targets and were therefore 
utilised in the subsequent chapter. For data-poor biotopes, the conservation targets were 
inferred to be 10 %, representing the most common target value calculated. 
A systematic conservation plan (Chapter 8) was then developed  based on the biotope map 
(Chapter 5) incorporating the derived and inferred conservation targets (Chapter 7) and a 
cumulative cost layer incorporating pressures mapped in Sink et al. (2012). The resultant 
selection frequency map was essentially the inverse of the cost layer. Seven biodiversity 
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priority areas with relatively low selection frequencies (30-66 %) were identified. These 
priority areas were driven by low cost, limited habitat extent and proximity to existing 
marine protected areas. Biotopes of large extent with low cost had no priority areas because 
there were so many options. The biotope map, evidence-based targets for threat 
assessment and systematic conservation planning outputs will be used by existing initiatives 
such as the National Biodiversity Assessment to support MPA establishment and inform 
future spatial management planning.  
Implications for management of marine unconsolidated sediments on the South 
African west coast 
Currently the entire coastal and marine area of the South African west coast has been 
placed under mining licence, although most areas are not actively mined, and the demersal 
trawl industry operates along the entire shelf edge (Sink et al. 2012). Only two small, 
shallow water marine protected areas (MPAs) are proclaimed on the South African west 
coast. The high anthropogenic threat combined with low protection of habitats has raised 
concerns in National Biodiversity Assessments over the last 10 years (Lombard et al. 2004, 
Sink et al. 2012). One of the major obstacles in negotiations with stakeholders has been the 
lack of biological evidence for proposed MPAs. This thesis, together with Harris (2012) and 
Lange (2012) provide much needed baseline biological information to support biodiversity 
planning initiatives and MPA proclamations.  
This study verified the depth zones of the existing South African National Marine and 
Coastal Habitat Classification (Sink et al. 2012), but suggested some modification of depth 
ranges and that the along-shore distinctions should be reviewed, since there was little 
evidence for the biogeographical distinctions. The proposal for a revision of the along-shore 
habitat boundaries is also supported by fish and epifauna data (Shine 2006, Lange 2012). 
The results of this thesis will therefore aid in the refining of habitats for the west coast 
which has implications for systematic biodiversity and marine spatial planning. 
The analyses from Chapter 6 revealed a macro-infauna hotspot around Child’s Bank. This 
has also been noted as a hotspot for fish (Kirkman et al. 2013). This supports previous 
motivations to protect Child’s Bank and the associated biodiversity (Sink et al. 2011).  
Management of marine unconsolidated sediments has been limited due to the lack of 
biological data on the west coast. Recently, applicants for seabed mining licences on the 
west coast have claimed that the faunal species diversity declines with depth due to the 
harsh physical environment, implying that mining of deeper sediments will be less harmful 
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to biota. This thesis provides biological evidence that refutes these claims by revealing that 
macro-infaunal diversity increases with depth across the shelf. This thesis therefore 
provides pertinent information for environmental management decisions.  
According to the findings of this thesis, the shelf edge habitat, the primary habitat of South 
Africa’s demersal trawl fishery, is the most diverse shelf habitat type on the west coast. The 
impact of trawling on the South African west coast has been investigated (Atkinson et al. 
2011) and the impacts were found to be greatest on epifauna, however no mitigation 
measures have been applied. Offshore ecosystems have the least protection across all 
environments in South Africa (Driver et al. 2012). Reference areas for different biotopes 
should therefore be established in seabed management areas or offshore MPAs.  Therefore 
an important management concern is highlighted, that should be addressed by decision-
makers.  
Marine researchers should take an active role in communicating research findings to 
government, and should have  a balanced view since the environment is only one area of 
concern for human well-being (Brown 1983). The shift from conservation to Ecosystem-
based Management and from managing single stocks to the Ecosystem Approach to 
Fisheries is evidence that science is moving towards a more balanced view. This thesis 
focused on the environment and provides pertinent information for decision-makers. It will 
inform South Africa’s emerging National Ecosystem Classification and be applied in the next 
National Biodiversity Assessment in 2017. The latter assessment is used by South African 
government agencies to report on the status of South African biodiversity and informs our 
National Biodiversity Strategy and Action Plan (NBSAP). As such, the scientific findings of 
this thesis will contribute to the management of South Africa’s marine biodiversity.  
Research opportunities 
The proposed conceptual framework (Chapter 4) describing the relationships between 
oceanography, geology and ecology of the Southern Benguela Upwelling Ecosystem raises a 
number of biological and ecological questions related to macro-infauna. Species- and 
community-level responses to hypoxia, burial, food availability and water turbulence may be 
tested in accordance with the framework, not only on the South African coast, but also for 
any other eastern boundary upwelling ecosystems where similar processes occur (Chavez 
and Messié 2009).   
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Recommended additions of productivity and unique features to seascape classifications for 
unconsolidated sediments (Chapter 3) has the potential to better distinguish seascapes 
especially in upwelling areas. The inclusion of primary productivity in Australian seascapes 
(Whiteway et al. 2007, Heap et al. 2010) has already suggested the importance of 
productivity in the biological distinction between seascapes (Przeslawski et al. 2011). This 
thesis however suggests that even in high productivity regions, variations in productivity 
may further distinguish seascapes at the lower level of classification. This should be tested 
in upwelling regions elsewhere.  
Areas of high natural disturbance are more likely to be resilient to anthropogenic 
disturbance (Holling 1973, Orians 1975, Rapport et al. 1985). On the South African west 
coast, the Muddy River-influenced Middle Shelf is subject to high sedimentation rates 
(Herbert and Compton 2007) and is therefore likely to recover from mining or trawling 
much sooner than other areas on the west coast. A mining impact study off the Namibian 
coast, subject to similar processes, provides some evidence for this postulation since 
sediment properties returned to original conditions approximately a year and a half after 
mining and the biota within five years (van der Merwe 1996). Similarly beach and inshore 
mining seemed to have reasonable recovery rates (Penney et al. 2007). However, studies 
have shown that the sorting and depth structure of sediment influence the biological 
communities that live there (Defeo and McLachlan 2005, Cosentino and Giacobbe 2008), 
therefore changing these characteristics of the sediment might reduce rates of recovery. 
Thus areas of high sedimentation are likely to be more resilient to mining, than areas with 
low sedimentation rates, which are likely to take much longer to recover if they recover at 
all. Habitat resilience could therefore be tested on the west coast. It is recommended that 
research work should accompany any new mining that is authorised, including the collection 
of baseline data prior to mining and the monitoring of recovery post-mining. 
The identification of large-scale processes responsible for benthic macrofauna community 
distributions may aid in the prediction of community shifts over time or in response to 
global changes such as climate change. The data from this thesis may also be used for 
species distribution modelling which could be used in climate change scenarios. Vaquer-
Sunyer and Duarte (2011) found that a rise in temperature decreased the survival time of 
species under hypoxia and that their low oxygen thresholds were increased. These will have 
implications for the organisms on the west coast of South Africa. The data from this thesis 
may therefore serve as a baseline against which changes in species distributions or ranges 
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could be measured although it is recommended that further sampling be conducted to 
increase the size of the dataset. 
In Chapter 7, the Multi-species Site Occupancy Model (MSOM; Dorazio et al. 2006) was 
introduced as a species richness estimator that accounts for variable detection of species. 
This model is particularly useful for datasets with many rare species such as macro-infaunal 
datasets. It is, however, necessary to test the sensitivity of the model to sample size, which 
has been shown to influence other estimators (Metcalfe et al. 2012).  
Conclusion 
This thesis, through the various interdisciplinary approaches applied, is the first to establish 
relationships between the geophysical environment and the macro-infauna of the west coast 
shelf at a broad scale. It produced a conceptual framework that may be tested in various 
scientific disciplines including oceanography, geology and ecology, not only in South Africa, 
but in any eastern boundary upwelling ecosystem. The descriptions of unconsolidated 
sediment seascapes and biotopes provide the first data-driven habitat classifications for 
marine unconsolidated sediments in South Africa for use in ecosystem-based management 
and marine spatial planning. In addition, the first conservation plan for marine 
unconsolidated sediment in South Africa will support marine spatial planning and support 
the inclusion of the biodiversity of sediment habitats in a representative marine protected 
area network as required by national policy and informed by the Convention on Biological 
Diversity. The application of innovative or novel statistical methods in solving simple or 
complex ecological questions provided additional techniques for marine datasets with large 
proportions of rare species and help account for variable detection of species. The inclusion 
of these statistical techniques demonstrates their utility in marine ecology and encourages 
their use in future research.  
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